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b) Narraguagus River 
    (Downeast Coastal SHRU)
c) West Branch Pleasant River
    (Penobscot Bay SHRU)
a) Sheepscot River
(Merrymeeting Bay SHRU)
Figure 1. The Maine reference map indicates the location of the three study rivers within the three 
federally designated Salmon Habitat Recovery Units (SHRUs) of the Gulf of Maine Distinct Popula-
tion Segment (GOM DPS) of Atlantic salmon. The detail maps delineate the locations of the 
lidar data collection areas within the watersheds, and the dashed black line on the 
Narraguagus marks the approximate Pleistocene sea level highstand paleo-shoreline.
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Figure 2.  The three panels show longitudinal profiles of all three study rivers: the 
Sheepscot (a), Narraguagus (b) and WBPR (c). The channel profiles are resolved from 
10 meter DEMs and correspond with the lidar data collection areas from 'JHVSF The 
surveyed channel segments are labelled for the WBPR (c), and the dashed line marks 
the boundary between the GHWB and WBSL segments.
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Figure 3. Locations of field surveyed segments of the WBPR. The blue points 
represent the ratio of GIS-measured width (wlidar) to field-measured width (whf).
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 Figure 4. A lithograph of Billings’ Falls 
in Gulf Hagas on the WBPR at moderate 
flow (Farrar, 1880)
Figure 6.  An 1882 photo of Billings’ Falls on the WBPR at high flow (Hubbard, 1882).  The 
lumber in the lower right of the frame is an artifact of extensive of logging in the WBPR 
watershed. The falls in this photo correspond with the location shown in Figure 4.
Figure 5. A lithograph of the “Jaws” 
near the base of Gulf Hagas on the 
WBPR (Farrar, 1880) 
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Figure 7. A photo of West Branch Pond on the WBPR, 
circa 1900(MBJOF)JTUPSJDBMSPDJFUZ, 2011).
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Figure 8. A photo of Little Lyford Pond on the WBPR, 
circa 1900.Note the landslide scar on the hillslope in 
the background (MBJOFHJTUPSJDBMSPDJFUZ, 2011).
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'igure 9. A photo of Lower Little Lyford Pond on the 
WBPR, circa 1900 (MBJOFHJTUPSJDBMSPDJFUZ, 2011).
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Figure 10. A photo of the kilns at the Katahdin Ironworks site below 
Silver Lake on the WBPR, circa 1890 (Maine Geological Society, 2005)
Figure 11. A photo of the site of the former iron works facilities at the outlet of 
Silver Lake,circa 1890. (Maine Department of  Conservation, 2011).

While ore was roasted in the Iron Kiln(1) workers filled the Charcoal Storage Shed(2) with charcoal from 
the brick kilns. The charcoal, ore, and limestone were dumped into the Furnace(3) and then superheated 
by pumped-in air. A Sluiceway(4) diverted water from the Dam(5) through the Machine House(6) where it 
powered cylinders that forced the air into the furnace. The melted iron then ran out into sand molds on 
the floor of the Casting House(7) where the pigs were formed.
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Figure 13. A photo of the WBPR downstream of Silver Lake, near the former site
of Katahdin Ironworks (Bangor & Aroostook, 1902).
Figure 12. An early 20th century advertisement for the Silver Lake hotel, located near 
the dammed outlet of Silver Lake on the WBPR (Bangor & Aroostook, 1905)

*HRORJLFDQGJODFLDOKLVWRU\
1.3.1 Bedrock geology 
7KHJHRORJ\RIWKH:%35ZDWHUVKHGLVFRPSRVHGRI'HYRQLDQ6LOXULDQ
PHWDVHGLPHQWDU\DQG'HYRQLDQLQWUXVLYHURFNV7KRPSVRQDQG%RUQV7KH*XOI
+DJDVJRUJHLVDSURPLQHQWIHDWXUHLQWKHZDWHUVKHGDQGLVORFDWHGZKHUHWKH:%35
IORZVRYHUWKHYHUWLFDOO\GLSSLQJPXGVWRQHEHGVRIWKH&DUUDEDVVHW)RUPDWLRQ-RKQVWRQ
7KHXQGHUO\LQJJHRORJ\RIWKH1DUUDJXDJXVZDWHUVKHGFRQVLVWVRI3DOHR]RLF
PHWDPRUSKLFURFNVDQG'HYRQLDQJUDQLWHVDQGWKH6KHHSVFRWZDWHUVKHGLVPDGHRI
SULPDULO\3DOHR]RLFPHWDVHGLPHQWDU\URFNV
1.3.2 Glacial history 
0DLQHXQGHUZHQWUHSHDWHGHSLVRGHVRIFRQWLQHQWDOJODFLDWLRQGXULQJWKH
3OHLVWRFHQHDQGWKLVJODFLDOOHJDF\LVHYLGHQWLQWKHVXUILFLDOJHRORJ\RIWKHZDWHUVKHGV
ZKLFKLVPDGHXSSULPDULO\RIJODFLDOWLOOEHGURFNDQGLQWKH1DUUDJXDJXVDQG6KHHSVFRW
ZDWHUVKHGVJODFLRPDULQHGHSRVLWV7KRPSVRQDQG%RUQV7KH/DXUHQWLGHLFH
VKHHWUHWUHDWHGQRUWKWRWKHFXUUHQW0DLQHFRDVWOLQHE\NDEXWWKHFUXVWUHPDLQHG
LVRVWDWLFDOO\GHSUHVVHGE\WKHZHLJKWRIWKHLFH6FKQLWNHUHWDO7KLVORZHUHG
HOHYDWLRQUHODWLYHWRVHDOHYHOUHVXOWHGLQPDULQHWUDQVJUHVVLRQDFURVVPXFKRIFRDVWDO
0DLQHDQGWKHDFFRPSDQ\LQJGHSRVLWLRQRIJODFLRPDULQHVDQGVDQGJUDYHOVEHWZHHQWKH
JODFLDOIURQWDQGWKHRFHDQ%HONQDSHWDO%DUQKDUGWHWDO7KH:%35
ZDWHUVKHGZDVLQODQGGXULQJWKHODWH3OHLVWRFHQHEXWWKHRWKHUWZRZDWHUVKHGVZHUH
VXEPHUJHGGXULQJWKLVHSRFKWKH1DUUDJXDJXV5LYHUZDVSDUWLDOO\LQXQGDWHGZKLOHWKH
6KHHSVFRW5LYHUZDVDOPRVWFRPSOHWHO\LQXQGDWHG)LJXUH3RVWJODFLDOLVRVWDWLF

DGMXVWPHQWRIWKHFUXVWFRQWLQXHVWRSOD\DQLPSRUWDQWUROHLQWKHHYROXWLRQRIWKH
ODQGVFDSHDQGGUDLQDJHQHWZRUNVLQ0DLQH
1.3.3 Channel profiles 
7KH:%35LVFRQVLGHUDEO\VWHHSHUDYHUDJHJUDGLHQWWKDQHLWKHUWKH
1DUUDJXDJXVDYHUDJHJUDGLHQWRU6KHHSVFRWDYHUDJHJUDGLHQWULYHUV
EXWDOOWKUHHULYHUVDUHEURNHQXSLQWRDOWHUQDWLQJVWHHSJUDGLHQW!DQGIODW
JUDGLHQWVHFWLRQV)LJXUH7KHEHGPDWHULDOLQWKHIDVWIORZLQJVWHHSVHFWLRQV
LVFRPSRVHGSULPDULO\RIFRDUVHVDQGJUDYHODQGFREEOHVZKLOHWKHUHODWLYHO\IODWDQG
VORZPRYLQJVHFWLRQVLQFOXGLQJQDWXUDODQGDUWLILFLDOODNHVSRQGVDQGPDUVKHVDUH
VDQGDQGPXGEHGGHG:LONLQVDQG6Q\GHU7KH:%35ZDWHUVKHGKDVDJUHDWHU
WRWDOUHOLHIPWKDQHLWKHURIWKHFRDVWDOZDWHUVKHGVPIRUWKH1DUUDJXDJXV
PIRUWKH6KHHSVFRW)LJXUH
$WODQWLFVDOPRQKDELWDW
,QUHFHQWFHQWXULHVDQWKURSRJHQLFPRGLILFDWLRQRI0DLQHULYHUV\VWHPVKDV
REVFXUHGWKHVWDWHRIWKHZDWHUVKHGVSULRUWR(XURSHDQVHWWOHPHQW7LPEHUKDUYHVWDQGORJ
GULYHVKDYHKDGDPDMRULPSDFWRQWKHULYHUV\VWHPVWKURXJKWKHUHPRYDORILQFKDQQHO
ERXOGHUDQG/:'REVWUXFWLRQVDQGFKDQQHOVWUDLJKWHQLQJ0DJLOOLJDQHWDO7KHVH
FKDQJHVKDYHSRWHQWLDOO\UHVXOWHGLQZLGHUDQGVKDOORZHUFKDQQHOVZLWKGHFUHDVHGEDQN
VWDELOLW\LQFRPSDULVRQWRXQGLVWXUEHGHQYLURQPHQWV0RQWJRPHU\15&
*HRPRUSKLFIDFWRUVVXFKDVVHGLPHQWVXSSO\EHGVHGLPHQWPRELOL]DWLRQVXEVWUDWH
HPEHGGHGQHVVDQGFKDQQHOFRPSOH[LW\SOD\LPSRUWDQWUROHVLQVXSSRUWLQJHFRORJLFDO

V\VWHPV0RQWJRPHU\HWDO3LHJD\HWDO%XIILQJWRQHWDO$VD
UHVXOWDPRYHPHQWWRZDUGVUHVWRUDWLRQRIPDQ\RIWKHVHZDWHUVKHGVKDVEHHQSURPSWHG
E\HFRORJLFDOFRQFHUQVUHODWHGWRKDELWDWORVVDQGGHJUDGDWLRQSDUWLFXODUO\VLQFHWKH
OLVWLQJRIWKHDQDGURPRXV20DLQH$WODQWLFVDOPRQSalmo salarDVDQHQGDQJHUHG
SRSXODWLRQ/LVOHV15&7KH1DUUDJXDJXVDQG6KHHSVFRWULYHUVDUH
FODVVLILHGUHVSHFWLYHO\DVFULWLFDOKDELWDWIRUWKH'RZQHDVW&RDVWDODQG0HUU\PHHWLQJ%D\
6DOPRQ+DELWDW5HFRYHU\8QLWV6+58VRIWKH*XOIRI0DLQH'LVWLQFW3RSXODWLRQ
6HJPHQW*20'36RI$WODQWLFVDOPRQ'HVSLWHORZQXPEHUVRIUHWXUQLQJILVKWKHVH
ULYHUVVWLOOKRVWSRSXODWLRQVYLDEOHHQRXJKWRZDUUDQWUHVWRUDWLRQHIIRUWV$UWHU)D\
HWDO12$$:LONLQVDQG6Q\GHU7KH:%35GRHVQRWIORZGLUHFWO\
LQWRWKH$WODQWLF2FHDQEXWLWIDOOVZLWKLQWKHZDWHUVKHGRIWKHFRDVWDO3HQREVFRW5LYHU
DQGLVDOVRGHVLJQDWHGDVFULWLFDOKDELWDWIRUWKH3HQREVFRW%DVLQ'36
$WODQWLFVDOPRQIRUPUHGGVDQGVSDZQLQODWHDXWXPQLQORZRUGHUXSVWUHDP
UHDFKHVRIFRDVWDOULYHUVLQ1HZ(QJODQG$WODQWLF&DQDGDDQGQRUWKHUQ(XURSH-XYHQLOH
$WODQWLFVDOPRQVSHQGWKHILUVW\HDUVRIWKHLUOLYHVLQIUHVKZDWHUZKHUHWKH\DUH
UHFRJQL]HGLQVXEVHTXHQWGHYHORSPHQWDOVWDJHVDVDOHYLQIU\DQGSDUUEHIRUHPLJUDWLQJ
WRWKHQRUWKHUQ$WODQWLF2FHDQDVVPROWV7KHILVKW\SLFDOO\VSHQGVHYHUDO\HDUVLQWKH
RFHDQEHIRUHUHWXUQLQJWRWKHLUKRPHULYHUVWRVSDZQDVPDWXUHNJILVK0'):
8QOLNHPRVWRWKHUVSHFLHVRIVDOPRQ$WODQWLFVDOPRQRIWHQUHWXUQWRWKHRFHDQ
DIWHUVSDZQLQJ
26SHFLHVWKDWVSHQGPRVWRIWKHLUOLYHVLQWKHRFHDQVDQGPLJUDWHXSULYHUWRVSDZQ

8SRQUHWXUQWRIUHVKZDWHUDQXPEHURIIDFWRUVPXVWEHPHWWRHQDEOHVSDZQLQJ
VXFFHVVDQGVXEVHTXHQWMXYHQLOHVXUYLYDOLQFOXGLQJVXIILFLHQWKDELWDWFRPSOH[LW\GHHS
SRROVLQFKDQQHOGHEULVEDQNYHJHWDWLRQPRELOHJUDYHOEHGVHGLPHQWDQGFRROZDWHU
WHPSHUDWXUHVLQVXPPHU15&7KXVJHRORJ\DQGORFDOJHRPRUSKLFSURFHVVHV
FRQWUROLGHDOVSDZQLQJKDELWDW0RQWJRPHU\&RDUVHDQGHDVLO\PRELOL]HGJUDYHO
EHGVHGLPHQWVDUHQHFHVVDU\IRUFRQVWUXFWLRQRIUHGGVE\VDOPRQDQGHQVXUHVWKDWHJJV
UHFHLYHDVWHDG\VXSSO\RIR[\JHQ7KHGHJUHHRIHPEHGGHGQHVV3RIWKHFKDQQHOVXEVWUDWH
LVLPSRUWDQWLQWKLVUHVSHFWDVLPPRELOHVHGLPHQWUHVWULFWVERWKWKHDELOLW\RIVDOPRQWR
FRQVWUXFWUHGGVDQGWKHGHOLYHU\RIQXWULHQWVWRHJJV6LPLODUO\FKDQQHODUPRULQJFDXVHG
E\DODFNRIVHGLPHQWVXSSO\LVFULWLFDOWRWKHDELOLW\RIVDOPRQWRVXFFHVVIXOO\VSDZQ
7RRPXFKILQHVHGLPHQWLQDVWUHDPDOVRKLQGHUVVDOPRQVSDZQLQJDQGUHDULQJE\FXWWLQJ
RIIR[\JHQVXSSO\WRUHGGVUHJDUGOHVVRIHPEHGGHGQHVVRUDUPRULQJ
,QDGGLWLRQVDOPRQUHTXLUHDFOHDUPLJUDWRU\URXWHIURPWKHRFHDQWRVSDZQLQJ
JURXQGV6HYHUDOUXQRIWKHULYHUGDPVLPSHGHPLJUDWLRQURXWHVRQWKH1DUUDJXDJXVDQG
6KHHSVFRWULYHUVZKLOHWKH:%35KDVQXPHURXVGDPVEHWZHHQLWDQGWKH3HQREVFRW
5LYHUHVWXDU\2QJRLQJFKDQQHOEDUULHUUHPRYDODQGWKHFRQVWUXFWLRQRIILVKSDVVDJH
DURXQGGDPVFRXOGSRWHQWLDOO\RSHQXSDEURDGUDQJHRIKLVWRULFDQDGURPRXVVSHFLHV
KDELWDWSDUWLFXODUO\RQWKH:%3515&3HQREVFRW5LYHU5HVWRUDWLRQ7UXVW



37KHGHJUHHWRZKLFKILQHJUDLQVHGLPHQWVVXUURXQGFRDUVHEHGPDWHULDO

3XUSRVHRIVWXG\
7KHPDLQREMHFWLYHVRIWKLVVWXG\DUHWR
1)XQGHUVWDQGKRZEHGURFNFRQWUROVRQWKHORQJLWXGLQDOSURILOHDQGVHGLPHQW
LQSXWVLPSDFWVXEVWUDWHJUDLQVL]HDQGFKDQQHOPRUSKRORJ\LQWKH:HVW%UDQFKRI
WKH3OHDVDQW5LYHU:%35
2)DSSO\DPRGHOSUHGLFWLQJVXEVWUDWHJUDLQVL]HEDVHGRQGLJLWDOHOHYDWLRQPRGHO
'(0GHULYHGJHRPHWULFFKDQQHOSDUDPHWHUV
3)FRPSDUHWKHPRGHOUHVXOWVIURPWKHKLJKJUDGLHQW:%35WRSUHYLRXVO\VWXGLHG
ORZJUDGLHQWFRDVWDO0DLQHULYHUVDQG
4)H[SORUHWKHLPSOLFDWLRQVRIP\ILQGLQJVRQFKDQQHODQGKDELWDWUHVWRUDWLRQLQ
SDUDJODFLDOULYHUV
7RGRWKLV,XVH'(0GHULYHGGDWDWRSUHGLFWVXEVWUDWHJUDLQVL]HXVLQJDVLPSOHVHPL
HPSLULFDOJUDLQVL]HSUHGLFWLRQPRGHOWHVWHGRQORZJUDGLHQWFRDVWDOULYHUVLQ0DLQHE\
:LONLQVDQG6Q\GHU
ܦହ଴ = ఛ್( ఘೞିఘ)௚ఛכ(TXDWLRQ
ZLWKPRGHOSDUDPHWHUVGHILQHGLQ7DEOH








3DUDPHWHU 'HILQLWLRQ
n 0DQQLQJURXJKQHVVFRHIILFLHQWDVVXPHGWREHRUDVQRWHG
ȡ 'HQVLW\RIZDWHUNJP
ȡs 'HQVLW\RIVHGLPHQWDVVXPHGWREHNJP
kq &RHIILFLHQWRIGLVFKDUJHGUDLQDJHDUHDUHODWLRQVKLS,FDOFXODWHIRU5, \HDUV
c ([SRQHQWRIGLVFKDUJHGUDLQDJHDUHDUHODWLRQVKLSDVVXPHGWREH
wa )LHOGPHDVXUHGDFWLYHFKDQQHOZLGWKP
whf )LHOGPHDVXUHGKLJKIORZFKDQQHOZLGWKP
wlidar /LGDUGHULYHGFKDQQHOZLGWKP
ha )LHOGPHDVXUHGDFWLYHFKDQQHOGHSWKP
hhf )LHOGPHDVXUHGKLJKIORZFKDQQHOGHSWKP
Slidar /LGDUGHULYHGFKDQQHOJUDGLHQW
A 'UDLQDJHDUHDFDOFXODWHGIURPP'(0VP
߬௕ ௣௥௘ௗ %HGVKHDUVWUHVVFDOFXODWHGXVLQJ(TDQGwlidarDQGSlidar3D(T
߬௕ ௣௥௘ௗ(௪೓೑) %HGVKHDUVWUHVVFDOFXODWHGXVLQJ(TDQGwhfDQGSlidar3D(T
߬כ  6KLHOGVSDUDPHWHUDVVXPHGWREH6Q\GHUHWDO(T
D50 field 0HGLDQJUDLQVL]HPHDVXUHGLQWKHILHOGPP
D50 pred 0HGLDQJUDLQVL]HFDOFXODWHGXVLQJɒכ DQGɒୠ ୮୰ୣୢPP(T
Q &KDQQHOGLVFKDUJHDSSUR[LPDWHGE\ADQGkq PV(T
7DEOH'HILQLWLRQRIILHOGDQG'(0GHULYHGSDUDPHWHUV

3ULRUUHVHDUFK
7KH%XIILQJWRQHWDODQG:LONLQVDQG6Q\GHUSDSHUVHVWDEOLVKWKH
VFLHQWLILFEDVLVIRUWKLVDSSURDFK%RWKVWXGLHVIRFXVRQSUHGLFWLQJVDOPRQKDELWDW
DYDLODELOLW\XVLQJ'(0VDQGILHOGPHDVXUHPHQWV%XIILQJWRQHWDOLQPRXQWDLQ
ULYHUVLQWKH3DFLILF1RUWKZHVWDQG:LONLQVDQG6Q\GHULQORZHUJUDGLHQWFRDVWDO
ULYHUVLQ$WODQWLF0DLQHDQG&DQDGD%XIILQJWRQHWDOLQFRUSRUDWHYDULDWLRQVLQ
K\GUDXOLFURXJKQHVVnDQGFKDQQHOW\SHVVWHSSRROSRROULIIOHZRRGIRUFHGSRRO
ULIIOHVWHSSRROFDVFDGHIRUKLJKJUDGLHQWGUDLQDJHEDVLQV:LONLQVDQG6Q\GHU
GRQRWLQFRUSRUDWHWKHYDULDWLRQVLQFKDQQHOW\SHDQGK\GUDXOLFURXJKQHVVWKDW%XIILQJWRQ
HWDOH[SORUHEXWWKHDGYDQWDJHVRIWKHLUPRGHODUHWKHUHODWLYHVLPSOLFLW\RIWKH
DQDO\VLVWKHJHRJUDSKLFDODQGJHRORJLFDOVLPLODULW\RIWKHVWXG\ORFDWLRQVZLWKPLQHDQG
WKDWWKHPRGHOLVDSSOLFDEOHWRHQWLUHULYHUVDQGGRHVQRWUHTXLUHUHVRXUFHLQWHQVLYHILHOG
GDWDFROOHFWLRQ:LONLQVDQG6Q\GHUDSSO\WKHPRGHOWRFRDVWDOORZJUDGLHQWULYHUV
XVLQJ'(0GDWDZKHUHDV,DSSO\LWWRDKLJKJUDGLHQWULYHUDQGFRPSDUHWKHWZRW\SHVRI
V\VWHPV7KHLUUHVXOWVVKRZWKDWWKHPRGHOWHQGVWRRYHUSUHGLFWVXEVWUDWHJUDLQVL]HIRU
FKDQQHOUHDFKHVZLWKORZJUDLQVL]H,XVHDQH[SDQGHGGDWDVHWWRH[DPLQHWKLVSUREOHP
DQGLQFOXGHGDWDIURPWKHKLJKHUJUDGLHQW:HVW%UDQFKRIWKH3OHDVDQW5LYHU:%35DV
ZHOODVFRDVWDOULYHUV
7KLVVWXG\XVHV'(0DQGILHOGPHDVXUHPHQWVWRSUHGLFWFKDQQHOVXEVWUDWH
FKDUDFWHULVWLFVDQGDQXPEHURISUHYLRXVSDSHUVKDYHH[SORUHGVLPLODUDSSURDFKHV
&DUERQQHDXHWDOXVHGORZDOWLWXGHDHULDOSKRWRJUDSKVRIVWUHDPEHGVWRSUHGLFW
DQGPDSEHGJUDLQVL]HDQG&DUERQQHDXHWDOXVHGLPDJHSURFHVVLQJRIDHULDO

SKRWRJUDSKVWRHVWLPDWHEHGJUDLQVL]H7KHVHVWXGLHVXVHGDWDVHWVWKDWDUHOLPLWHGLQWKHLU
FRYHUDJHDQGDUHQRWDVUHDGLO\RUHDVLO\DSSOLHGDVWKHDSSURDFKXVHGLQWKLVDQDO\VLV
ZKLFKUHOLHVRQPDQGOLGDU'(0V'RQDOGVRQDQG6NODUDQG'RQDOGVRQHWDO
XVHGPDQGOLGDU'(0EDVHGGDWDVLPLODUWRWKDWRI:LONLQVDQG6Q\GHU
WRSUHGLFWFKDQQHOW\SH2WKHUUHPRWHVHQVLQJVWXGLHVIRFXVLQJRQWKHUHODWLRQVKLS
EHWZHHQFKDQQHOW\SHDQGKDELWDWLQFOXGH/HJOHLWHUHWDOZKRHYDOXDWHGPHWKRGV
RIUHPRWHO\PHDVXULQJVWUHDPGHSWKDQGTXDQWLI\LQJLQFKDQQHOKDELWDW+HGJHUHWDO
ZKRH[SORUHGWKHOLQNDJHEHWZHHQYDULDWLRQLQVXEVWUDWHVL]HDQGMXYHQLOH$WODQWLF
VDOPRQXVLQJUHPRWHVHQVLQJDQG)RQVWDGDQG0DUFXVZKRGHYHORSHGDPHWKRG
WRUHPRWHO\SUHGLFWVWUHDPGHSWKVIURPDHULDOLPDJHV,QDGGLWLRQWRWKHVHVWXGLHV1HHVRQ
HWDOXVHG*,6GHULYHGJHRPRUSKLFYDULDEOHVWRSUHGLFWVSDZQLQJKDELWDWIRU
DQDGURPRXVODPSUH\LQWKH*UHDW/DNHVDQG.LPDQG/D3RLQWHVWXGLHGWKH
UHODWLRQVKLSEHWZHHQWKHUHODWLYHVL]HRI$WODQWLFVDOPRQUXQVDQGVSDWLDOGLVWULEXWLRQRI
IDYRUDEOHKDELWDWLQZDWHUVKHGVLQWKH*DVSp3HQLQVXODRI4XHEHFDUHJLRQZLWKD
JODFLDOKLVWRU\VLPLODUWR0DLQH
7KLVVWXG\LVSDUWRIDODUJHUUHVHDUFKHIIRUWRQSDUDJODFLDO4FRDVWDOULYHUVLQ
0DLQH$QXPEHURI%RVWRQ&ROOHJHJUDGXDWHVWXGHQWVKDYHZRUNHGLQWKH6KHHSVFRWDQG
1DUUDJXDJXVULYHUVDQGWKHVHVWXGLHVSURYLGHWKHRSSRUWXQLW\IRUFRPSDULVRQRIEHGORDG
PRELOL]DWLRQDQGFKDQQHOPRUSKRORJ\DPRQJGLIIHUHQWW\SHVRIULYHUV&DVWHOH
6Q\GHUHWDO:LONLQVDQG6Q\GHU6WURXVHLQSURJUHVV3ULRUVWXGLHVKDYH
GHWHUPLQHGWKDWJODFLDOKLVWRU\DQGFKDQQHOJUDGLHQWDUHSULPDU\FRQWUROVRQEHGJUDLQ
4 'HILQHGDVDWUDQVLWLRQDOODQGVFDSH³DGMXVWHGQHLWKHUWR>WKH@/DVW*ODFLDO0D[LPXPQRUWRFRQWHPSRUDU\
JHRPRUSKLFSURFHVVHV´6OD\PDNHU 

VL]HLQORZHUJUDGLHQWULYHUVSDUWLDOO\LQXQGDWHGE\WKH3OHLVWRFHQHVHDOHYHOKLJKVWDQG
:LONLQVDQG6Q\GHU

02'(/
%DFNJURXQG
5LYHUFKDQQHOVDUHW\SLFDOO\FODVVLILHGE\ERWKPRUSKRORJ\DQGDELOLW\WRWUDQVSRUW
VHGLPHQW0RUSKRORJLFDOFODVVLILFDWLRQVRIFKDQQHOW\SHVIDOOZLWKLQWKUHHEURDG
FDWHJRULHVFROOXYLDOEHGURFNDQGDOOXYLDO0RQWJRPHU\DQG%XIILQJWRQ&ROOXYLDO
FKDQQHOVDUHKHDGZDWHUUHDFKHVGRPLQDWHGE\PDVVZDVWLQJDQGDUHQRWUHOHYDQWWRWKH
SDUWVRIWKH:%35VWXGLHGKHUH%HGURFNFKDQQHOVKDYHVHGLPHQWWUDQVSRUWUDWHOLPLWHG
E\WKHDPRXQWRIVHGLPHQWVXSSOLHGWRWKHFKDQQHOVXSSO\OLPLWHGDVRSSRVHGWR
FKDQQHOVZKHUHWKHPRUSKRORJ\DGMXVWVVRWKDWWUDQVSRUWUDWHPDWFKHVWKHVHGLPHQWORDG
GHOLYHUHGIURPXSVWUHDP0RQWJRPHU\DQG%XIILQJWRQ$OOXYLDOFKDQQHOVDUH
GHILQHGE\WKHSUHVHQFHRIWUDQVSRUWDEOHVXEVWUDWHVHGLPHQWVDOOXYLXPDQGWKXVDZLGH
UDQJHRIFKDQQHOW\SHVFDQEHFODVVLILHGDVDOOXYLDO7KHVHFKDQQHOVDUHHLWKHUWUDQVLWLRQDO
EHWZHHQVXSSO\DQGWUDQVSRUWOLPLWHGRUVWULFWO\OLPLWHGE\WKHLUWUDQVSRUWFDSDFLW\RIWKH
FKDQQHO0RQWJRPHU\DQG%XIILQJWRQ7KHVHFDWHJRULHVDUHQRWVWDWLFORQJWHUP
HJGXHWRFOLPDWHFKDQJHRUVHDVRQDOLQFUHDVHVLQVHGLPHQWVXSSO\DQGGHFUHDVHVLQ
GLVFKDUJHFDQOHDGWRWKHWUDQVLWLRQRIEHGURFNFKDQQHOVWRDOOXYLDOFKDQQHOVDQG
GHFUHDVHVLQVHGLPHQWVXSSO\DQGLQFUHDVHVLQGLVFKDUJHFDQVKLIWDOOXYLDOFKDQQHOVWR
EHGURFNFKDQQHOV+RZDUG

&KDQQHOVDUHDOVRFDWHJRUL]HGE\ZKHWKHUWKH\KDYHPRELOHRULPPRELOHEHGDQG
EDQNV$OOXYLDOFKDQQHOVDUHVHOIIRUPHGLQWKDWWKHULYHULWVHOIGHSRVLWVWKHEHGDQGEDQN
PDWHULDO6HOIIRUPHGFKDQQHOVDGMXVWWKHLUJUDGLHQWSFKDQQHOJHRPHWU\whDQGEHG
URXJKQHVVnWRDFFRPPRGDWHFKDQJHVLQVHGLPHQWVXSSO\DQGGLVFKDUJHDQGDFWLYHO\
UHZRUNWKHLUEDQNVDQGIORRGSODLQV7KHGRPLQDQWFKDQQHOIRUPLQJGLVFKDUJHHYHQWLQ
DOOXYLDOFKDQQHOVLVRIWHQUHIHUUHGWRDVWKHEDQNIXOOIORZDQGLWKDVDUHFXUUHQFHLQWHUYDO
RI\HDUV:ROPDQDQG0LOOHU%HGURFNFKDQQHOVDUHLPSRVHGIRUPPHDQLQJ
WKDWWKHFKDQQHOSDWKLVVHWE\QRQIOXYLDOIDFWRUVVXFKDVJODFLDORUWHFWRQLFKLVWRU\
%HGURFNFKDQQHOVW\SLFDOO\KDYHUHODWLYHO\VSDUVHLQFKDQQHOGHSRVLWVRIDOOXYLXP
HJEDUVKDYHLPPRELOHEDQNVDQGFKDQQHOJUDGLHQWDQGJHRPHWU\DUHGHSHQGHQWRQ
WKHXQGHUO\LQJEHGURFN
7KHWHUP³WKUHVKROGFKDQQHO´UHIHUVWRDQDOOXYLDOJUDYHOEHGGHGULYHULQZKLFK
WKHERXQGDU\VKHDUVWUHVVLQWKHFKDQQHODWEDQNIXOOIORZLVRQO\PDUJLQDOO\JUHDWHUWKDQ
WKHWKUHVKROGVKHDUVWUHVVUHTXLUHGWRHQWUDLQWKHEHGPDWHULDO3DUNHU
$QGUHZV/LVOHHWDO7KUHVKROGFKDQQHOVFDQKDYHDVLQJOHGRPLQDQW
FKDQQHOVLQJOHWKUHDGHGRUPXOWLSOHFKDQQHOPXOWLWKUHDGHGPRUSKRORJ\%HGURFN
FKDQQHOVDUHW\SLFDOO\VLQJOHWKUHDGHGDQGODFNLQFKDQQHOGHSRVLWLRQDOEDUVEXWDOOXYLDO
FKDQQHOVFDQEHHLWKHUVLQJOHRUPXOWLWKUHDGHGGHSHQGLQJRQIDFWRUVVXFKDVVORSH
YHJHWDWLRQDQGVHGLPHQWVXSSO\/LVOHHWDO6LQJOHWKUHDGHGDOOXYLDOFKDQQHOV
RIWHQKDYHDOWHUQDWLQJEDUVDORQJWKHFKDQQHOZKLOHPXOWLWKUHDGHGDOOXYLDOFKDQQHOVKDYH
PRUHH[WHQVLYHGHSRVLWLRQDOIHDWXUHVLQFOXGLQJPLGFKDQQHOEDUVDQGLVODQGV

7KHEHGORDGLQWKUHVKROGFKDQQHOVUHPDLQVLPPRELOHDWPRVWIORZVWKHWUDQVSRUW
UDWHLVUHODWLYHO\ORZDQGWKHEDQNVDUHUHVLVWDQWWRHURVLRQ$QGUHZV,QWKLVFDVH
WKHEHGVHGLPHQWLVSULPDULO\FRPSRVHGRIODJGHSRVLWVZKLFKDUHLPPRELOHDUWLIDFWVRI
SDVWKLJKIORZWUDQVSRUWFRQGLWLRQV7KHFRQFHSWRIDWKUHVKROGFKDQQHOLVLPSRUWDQWIRU
WKLVDQDO\VLVDV,DSSUR[LPDWHGLVFKDUJHXVLQJDUHFXUUHQFHLQWHUYDORI\HDUVEDQNIXOO
IORZ7DEOH(TXDWLRQDQGVR,DVVXPHWKDWWKHPHGLDQJUDLQVL]HD50LVHQWUDLQHG
E\WKHEDQNIXOOIORZ$VDUHVXOWJUDLQVL]HSUHGLFWLRQVEDVHGRQWKLVDSSURDFKDUHRQO\
DSSOLFDEOHLQVLQJOHWKUHDGWKUHVKROGFKDQQHOVLQZKLFKWKHEHGORDGLVPRELOL]HGRQO\DW
KLJKIORZ*UDLQVL]HSUHGLFWLRQVDUHQRWDSSOLFDEOHIRUVDQGEHGRUILQHUFKDQQHOVLQ
ZKLFKWKHFRDUVHVWEHGVHGLPHQWVDUHHQWUDLQHGDWORZHUIORZV
&KDQQHOJHRPHWU\FDQEHGHILQHGE\PHDVXUHPHQWVRISDUDPHWHUVVXFKDVZLGWK
GHSWKDQGVORSHwhDQGS/HRSROGDQG0DGGRFN7KHVHSDUDPHWHUVDORQJZLWK
PHGLDQJUDLQVL]HD50 fieldDUHSULPDULO\VHWE\GLVFKDUJHHYHQWVZLWKDUHFXUUHQFH
LQWHUYDORI\HDUVDQGWKHDPRXQWRIVHGLPHQWVXSSOLHGWRWKHFKDQQHO
:ROPDQDQG0LOOHU$WDUHDFKVFDOHS DOVR DGMXVWVWRYDULDWLRQVLQVHGLPHQW
VXSSO\E\HURVLRQDQGGHSRVLWLRQDQGRUFKDQJHVLQVLQXRVLW\YLDFKDQQHOFXWRIIV7KH
SUHVHQFHRIJODFLDOSRQGVDQGODNHVDOWHUQDWLQJZLWKVWHHSEHGURFNVHFWLRQVSURYLGHV
HYLGHQFHWKDWSRQWKHWKUHHVWXG\ULYHUVLVODUJHO\VHWE\JODFLDOHURVLRQDQGXQGHUO\LQJ
EHGURFNRIWKHSDUDJODFLDOODQGVFDSHV)LJXUHV$Q\FKDQJHLQSRQWKHVHULYHUVWDNHV
SODFHRYHUDWLPHVFDOHVHYHUDORUGHUVRIPDJQLWXGHODUJHUFRPSDUHGZLWKFKDQJHVLQ
ZLGWKDQGGHSWK3DUNHUHWDO


0RGHOVHWXS
6LPLODUWR:LONLQVDQG6Q\GHU,XVHGLJLWDOHOHYDWLRQPRGHO'(0
GHULYHGSDUDPHWHUVWRSUHGLFWJUDLQVL]HLQSDUDJODFLDOULYHUVLQ0DLQH7KHREMHFWLYHRI
WKLVDSSURDFKLVWRXVHDPRGHOWKDWFDQEHUHPRWHO\DSSOLHGDORQJWKHOHQJWKRIDULYHU
ZLWKRXWXVLQJILHOGPHDVXUHGSDUDPHWHUV7KHPRGHOLQSXWVLQFOXGHVLPSOHJHRPHWULF
FKDQQHOSDUDPHWHUVSwDQGGUDLQDJHDUHDAPHDVXUHGIURPUHPRWHVHQVLQJDQG
JHRJUDSKLFLQIRUPDWLRQV\VWHPV*,6GDWD,XVHWKHVHSDUDPHWHUVWRSUHGLFWVXEVWUDWH
JUDLQVL]HE\HVWLPDWLQJKLJKIORZVKHDUVWUHVVDWSRLQWVDORQJWKHULYHUORQJLWXGLQDO
SURILOHV&KDQQHOVORSHSDQGGHSWKhDOORZIRUDQHVWLPDWHRIEHGVKHDUVWUHVVĲb
ZKLFKLVWKHUHVLVWLQJIRUFHRIWKHEHGWRWKHGRZQVWUHDPIRUFHRIWKHIORZDVVXPLQJD
VWHDG\XQLIRUPIORZ
߬௕ = ߩ݄݃ܵ(TXDWLRQ
ZKHUHߩLVWKHGHQVLW\RIZDWHUNJPDQGgLVJUDYLWDWLRQDODFFHOHUDWLRQDWWKH
(DUWK¶VVXUIDFH$OLPLWDWLRQLQDSSO\LQJWKLVHTXDWLRQLVWKDWLWLVQRWSRVVLEOHWRPHDVXUH
h XVLQJ'(0GDWD7KLVSUREOHPLVFLUFXPYHQWHGE\VXEVWLWXWLQJWKH0DQQLQJIULFWLRQ
UHODWLRQVKLSDQGDQHTXDWLRQIRUWKHFRQVHUYDWLRQRIPDVVIRUZDWHUQ=uwhDVVXPLQJ
UHFWDQJXODUFKDQQHOFURVVVHFWLRQVLQWR(TXDWLRQ7KLVJLYHV߬௕DVDIXQFWLRQRIw Q
DQG nHJ6Q\GHUHWDO
߬௕ = ߩ݃݊ଷ/ହ ቂொ௪ቃ
ଷ/ହ ܵ଻/ଵ଴(TXDWLRQ

ZKHUHnLVWKHFRHIILFLHQWRIFKDQQHOURXJKQHVVQLVGLVFKDUJHDQGwLVWKHZLGWKRIWKH
FKDQQHOQLVGLIILFXOWWRPHDVXUHGLUHFWO\DORQJVWUHDPORQJLWXGLQDOSURILOHVDQGDVD
UHVXOW,DSSUR[LPDWHQXVLQJGUDLQDJHDUHDAZKLFKLVGHULYHGIURPVSDWLDODQDO\VLVRI
P'(0VXVLQJVWDQGDUG$UF*,6PHWKRGVQKDVDSRZHUODZUHODWLRQVKLSZLWKA
Q = kqAc(TXDWLRQ
ZKHUHkqLVDQHPSLULFDOFRHIILFLHQWDVVRFLDWHGZLWKDJLYHQIORRGUHFXUUHQFHLQWHUYDO5,
DQGc LVDFRQVWDQWDVVXPHGWREHGHSHQGHQWRQWKHIUDFWLRQRIWKHZDWHUVKHG
FRQWULEXWLQJIORZWRWKHFKDQQHOGXULQJWKHIORZHYHQWLQTXHVWLRQ'XQQHDQG/HRSROG
,WKHQVXEVWLWXWHWKLVUHODWLRQVKLSLQWR(TXDWLRQWRFDOFXODWHĲୠLQWHUPVRIA
߬௕ = ߩ݃݊ଷ/ହ ቂ௞೜஺
೎
௪ ቃ
ଷ/ହ
ܵ଻/ଵ଴(TXDWLRQ
7KH6KLHOGVSDUDPHWHUĲLVDGLPHQVLRQOHVVUDWLRRIGRZQVWUHDPEHGORDG
HQWUDLQLQJIRUFHVĲୠ)WRWKHVXEPHUJHGZHLJKWRIWKHEHGVHGLPHQW7KLVSDUDPHWHU
HQDEOHVDQHVWLPDWHRIVWUHDPFRPSHWHQFHRUPD[LPXPSDUWLFOHVL]HHQWUDLQHGE\WKH
IORZXVLQJWKHYDOXHVIRUĲୠ
߬כ = ఛ್( ఘೞି஡)௚஽ (TXDWLRQ
ZKHUHDLVWKHJUDLQGLDPHWHURUWKHPHGLDQJUDLQVL]HDWDFURVVVHFWLRQȡsLVWKH
GHQVLW\RIWKHSDUWLFOHȡV =NJPZKLFKLVWKHGHQVLW\RITXDUW]DQGIHOGVSDU
%HGORDGPRELOL]DWLRQW\SLFDOO\FRUUHVSRQGVWRDĲ*UDQJHRI%XIILQJWRQDQG
0RQWJRPHU\DQG6Q\GHUHWDOIRXQGPRELOHEHGVIRUYDOXHVRIĲ*RQ
WKH6KHHSVFRWDQG1DUUDJXDJXVULYHUV7KHPRGHOIRUSUHGLFWLQJPHGLDQJUDLQVL]H
(TXDWLRQUHSURGXFHGEHORZUHDUUDQJHVWKH6KLHOGVHTXDWLRQWRVROYHIRUD50

ܦହ଴ = ఛ್( ఘೞିఘ)௚Ĳכ
ZKHUH,FDOFXODWH߬௕XVLQJ(TXDWLRQ
 
0RGHODVVXPSWLRQVDQGK\SRWKHVHV
,XVHDVLPSOHPRGHOLQJDSSURDFKWRSUHGLFWJUDLQVL]HLQZKLFK,HVWLPDWHIRXURI
WKHSDUDPHWHUVDQGKROGWKHPFRQVWDQWn߬כ kqDQGc,FDOFXODWH߬௕ZLWK
FRQVWDQWURXJKQHVVn DWHYHU\SRLQWDORQJWKHFKDQQHOZKLFKPD\QRWUHIOHFWWKH
ORFDOYDULDELOLW\LQURXJKQHVV8QOLNH:LONLQVDQG6Q\GHU%XIILQJWRQDQG
0RQWJRPHU\WDNHORFDOYDULDWLRQVLQURXJKQHVVDORQJWKHFKDQQHOSURILOHLQWR
DFFRXQW)RUFRPSDULVRQ,H[SORUHWKHVHQVLWLYLW\RIP\UHVXOWVWRYDULDWLRQVLQn7KH
6KLHOGVSDUDPHWHULVKHOGFRQVWDQW߬כ IRUSUHGLFWLQJJUDLQVL]HFRQVLVWHQWZLWK
:LONLQVDQG6Q\GHU,DVVXPHWKDWD50LVHQWUDLQHGDWKLJKIORZVRQWKHRUGHURI
\HDUVDQGWKXVJUDLQVL]HSUHGLFWLRQVEDVHGRQWKLVDSSURDFKDUHRQO\DSSOLFDEOHLQ
WKUHVKROGFKDQQHOVLQZKLFKWKHEHGORDGLVPRELOL]HGDWKLJKIORZ,FDOFXODWHkqIRUD
UHFXUUHQFHLQWHUYDORI\HDUVZKLFKLVZLWKLQWKH\HDUUDQJHIRUSULPDU\FKDQQHO
IRUPLQJHYHQWV:ROPDQDQG0LOOHU0RXQW/LVOHHWDO
 %DVHGRQWKHVHDVVXPSWLRQV,K\SRWKHVL]HWKDWIRUVXSSO\OLPLWHGORZEHGORDG
VXSSO\WKUHVKROGUHDFKHVZLWKS VHWE\JODFLDOKLVWRU\DQGEHGURFNJHRORJ\EHGJUDLQ
VL]HVKRXOGGHSHQGRQORFDOK\GUDXOLFVVHWE\QShDQGwDQGWKHPRGHOVKRXOGEH
PRVWVXFFHVVIXO7KLVFRUUHVSRQGVWRUHDFKHVZKHUHEHGVHGLPHQWLVSULPDULO\FRPSRVHG
RIODJGHSRVLWVWKDWDUHRQO\WUDQVSRUWHGGXULQJIORRGV0\VHFRQGK\SRWKHVLVLVWKDW
WUDQVSRUWOLPLWHGKLJKVHGLPHQWVXSSO\QRQWKUHVKROGUHDFKHVVKRXOGKDYHEHG

VHGLPHQWVWKDWGHSHQGRQWKHJUDLQVL]HRIWKHPDWHULDOEHLQJVXSSOLHGORFDOK\GUDXOLFV
DQGWKHWLPHLQWHUYDOVLQFHODVWKLJKIORZHYHQW7KHPRGHOPD\RUPD\QRWZRUNLQWKHVH
UHDFKHVZKLFKDUHOLNHO\FKDUDFWHUL]HGE\JUDYHOEDUVRULVODQGVDQGDZLGHUUDQJHRI
JUDLQVL]HV7KLVK\SRWKHVLVSRLQWVWRWKHLQIOXHQFHRIVHGLPHQWLQSXWVHJWKH:KLWH
%URRNWULEXWDU\GRZQVWUHDPRI*XOI+DJDVDWULYHUNLORPHWHU)LJXUHFDV
VHGLPHQWVRXUFHVIRUWKHULYHUDQGLPSRUWDQWFRQWUROVRQEHGORDGJUDLQVL]HDQGWUDQVSRUW
IUHTXHQF\ 
 ,WHVWWKHVHK\SRWKHVHVE\H[DPLQLQJYDULDWLRQVLQWKHUDWLRVRISUHGLFWHGWRILHOG
PHDVXUHGPHGLDQJUDLQVL]HD50 fieldD50 predDQGEHGVKHDUVWUHVVĲb fieldĲb predDORQJWKH
FKDQQHOSURILOHDVZHOODVH[SORULQJFKDQQHOJHRPHWU\DQGPRUSKRORJ\LQFOXGLQJSw
DQGhGLVFXVVHGLQ0HWKRGV$VK\SRWKHVL]HGWKLVSUHGLFWLRQPHWKRGVKRXOGZRUNEHVW
LQVLQJOHWKUHDGDOOXYLDOJUDYHOEHGULYHUVZLWKORZVHGLPHQWVXSSO\UHODWLYHWRWUDQVSRUW
FDSDFLW\%XLOGLQJRQ/HRSROGDQG0DGGRFNDQGWKHFRQFHSWRIDEDQNIXOO5
FKDQQHOJHRPHWU\3DUNHUHWDOGHWHUPLQHGTXDVLXQLYHUVDOEDQNIXOOK\GUDXOLF
UHODWLRQVKLSVIRUWKUHVKROGFKDQQHOV&DOFXODWLQJKLJKIORZZLGWKDQGGHSWKwhfhhfDQG
SDVIXQFWLRQVRIQDQGD50 fieldIRUWKH:%35DQGFRPSDULQJWKHUHVXOWVWRWKH3DUNHUHW
DOGDWDVHWSURYLGHVDQDGGLWLRQDOPHDQVRIHYDOXDWLQJZKHWKHUWKH:%35EHKDYHV
OLNHDFODVVLFWKUHVKROGVLQJOHWKUHDGDOOXYLDOJUDYHOEHGFKDQQHO7KH:LONLQVDQG
5,XVHWKH³KLJKIORZ´GHVLJQDWLRQwhfDQGhhfGHILQHGODUJHO\E\FKDQJHVLQEDQNYHJHWDWLRQ
UDWKHUWKDQ³EDQNIXOO´ZKLFKDVVXPHVDQDOOXYLDOFKDQQHOPRUSKRORJ\FKDQQHOZLWKIORRGSODLQ
+RZHYHU3DUNHUHWDOXVHWKH³EDQNIXOO´GHVLJQDWLRQLQWKHLUHTXDWLRQVDQGVRIRUWKH
SXUSRVHRIFRPSDULVRQ,XVH³KLJKIORZ´WRDSSUR[LPDWH³EDQNIXOO´VHHVHFWLRQ


6Q\GHUSUHGLFWLRQPHWKRGLVGHVLJQHGIRUWKUHVKROGFKDQQHOVDQGZRXOGQRWEH
H[SHFWHGWRZRUNDVZHOOLIWKHQHFHVVDU\FULWHULDDUHQRWPHW

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
0(7+2'6
*,6PHDVXUHPHQWV
 'LJLWDOHOHYDWLRQPRGHOV'(0VDUHDXVHIXOWRROIRUUHPRWHO\PHDVXULQJWKH
FKDQQHOFKDUDFWHULVWLFVDQGPRUSKRORJ\RIULYHUV\VWHPVHJ6Q\GHUHWDO,XVHG
'(0VWRPDNHPHDVXUHPHQWVRIGUDLQDJHDUHDAFKDQQHOZLGWKwDQGJUDGLHQWS,
WKHQXVHGWKHVHYDULDEOHVWRFDOFXODWHĲb(TXDWLRQDQGSUHGLFWD50(TXDWLRQ
'(0VDUHFRPPRQO\GHULYHGIURPGLJLWL]HGWRSRJUDSKLFPDSV+RZHYHUPDNLQJ
PHDVXUHPHQWVIURPWKHVH'(0VKDVVHYHUDOOLPLWDWLRQV7KHORZUHVROXWLRQW\SLFDOO\
PHWHUVSHUSL[HOPHDQVWKDWPHDVXUHPHQWVDUHOHVVDFFXUDWHIRUFKDQQHOVFDOHSDUDPHWHUV
VXFKDVw DQGS WKDQZDWHUVKHGVFDOHSDUDPHWHUVA6Q\GHUP'(0V
SURYLGHDQDFFXUDWHSRUWUD\DORIZDWHUVKHGERXQGDULHVDQGGUDLQDJHSDWWHUQVDUHVRDUH
XVHGWRFDOFXODWHALQ$UF*,6XVLQJDIORZDFFXPXODWLRQDOJRULWKP
/LJKWGHWHFWLRQDQGUDQJLQJRUOLGDUDWHFKQRORJ\XVHGLQDLUERUQHODVHUVZDWK
PDSSLQJ$/60RIWRSRJUDSK\SURYLGHVDPHDQVE\ZKLFKWRREWDLQXSWRDRQH
KXQGUHGWLPHVILQHUUHVROXWLRQPHDVXUHPHQWVRIWKHVDPHIHDWXUHV6Q\GHU/LGDU
VXUYH\V\LHOG'(0VIURPGLUHFWDHULDOODVHUPHDVXUHPHQWVRIWKHVXUIDFHRIWKHHDUWK
UDWKHUWKDQEHLQJGHULYHGIURPDVHFRQGDU\VRXUFHWRSRJUDSKLFPDSV/LGDU'(0VKDYH
DKRUL]RQWDOSL[HOUHVROXWLRQRIaPHWHUZKLFKLVVPDOOHUWKDQW\SLFDOFKDQQHOZLGWKV
,XVHOLGDUGDWDWRPHDVXUHFKDQQHOZLGWKwHOHYDWLRQDQGVORSHSRIWKHVWXG\
ULYHUV,ILUVWPHDVXUHZLGWKwlidarDWHYHU\PDORQJWKHULYHUE\GUDZLQJDQG
PHDVXULQJOLQHVIURPEDQNWREDQNDFURVVWKHDFWLYHFKDQQHOSHUSHQGLFXODUWRWKH
FHQWHUOLQHRQDOLGDUGHULYHGVKDGHGUHOLHILPDJHDWDVFDOHRI:LONLQVDQG

6Q\GHU,XVHGWKHOLGDU'(0WRFDOFXODWHVORSHSlidarE\WUDFLQJWKHFKDQQHOSDWK
RQDOLGDUGHULYHGVKDGHGUHOLHILPDJHDQGH[WUDFWLQJHOHYDWLRQYDOXHVIURPWKHFKDQQHO
FHQWHUOLQHZKLFK,WKHQVPRRWKHGXVLQJDSRLQWPRYLQJDYHUDJHILOWHU,QRUGHUWR
FDOFXODWHSlidarRYHUDUDQJHRIHOHYDWLRQFKDQJHJUHDWHUWKDQWKHSHDNVLQWKHSURILOH
HOHYDWLRQUHODWHGWRWKHRULJLQDO'(0JULGGLQJSURFHVVRUVDPSOLQJRIEDQNVRU
IORRGSODLQV,FRQQHFWWKHPLQLPDDORQJWKHFKDQQHOSURILOH,WKHQLQWHUSRODWHHOHYDWLRQV
DWPVSDFLQJDORQJWKHSURILOHDQGFDOFXODWHSlidarYDOXHIRUHDFKPVWDWLRQ
)LJXUHDF6Q\GHU:LONLQVDQG6Q\GHU

)LHOGGDWDFROOHFWLRQ
3.2.1 Basic information 
,XVHILHOGPHDVXUHPHQWVRIFKDQQHOFKDUDFWHULVWLFVWRWHVWWKHDFFXUDF\RI'(0
EDVHGPHDVXUHPHQWVDQGSUHGLFWLRQV3ULPDU\ILHOGGDWDDUHJDWKHUHGIURPUHDFKVFDOH
FKDQQHOPHDVXUHPHQWVDWJOREDOSRVLWLRQLQJV\VWHP*36UHIHUHQFHGVWDWLRQVHYHU\
PDORQJWKHORQJLWXGLQDOSURILOHRIWKHFKDQQHOV)LJXUHV)LHOGZRUNLQWKH
VXPPHURIRQWKH:HVW%UDQFKRIWKH3OHDVDQW5LYHUIRFXVHGRQLGHQWLI\LQJFKDQQHO
DFFHVVSRLQWVDQGSUHOLPLQDU\VXUYH\ZRUNRQWKHXSSHUUHDFKHVRIWKHULYHU6WDQGDUG
ILHOGPHDVXUHPHQWVLQFOXGHDFWLYHDQGKLJKIORZFKDQQHOZLGWKDQGGHSWK
wa, whf, ha, hhf) VXUYH\VDQG:ROPDQPHWKRGSRLQWFRXQWV:ROPDQ,Q,
FROOHFWHGGDWDEHJLQQLQJDWWKHRXWOHWRI)LUVW5RDFK3RQGDWULYHUNLORPHWHUUNP
PHDVXUHGXSVWUHDPIURPWKHFRQIOXHQFHZLWKWKHPDLQVWHP3OHDVDQW5LYHUDQG
GRZQVWUHDPWRUNP7KHILHOGVHDVRQLQWKHVXPPHURIIRFXVHGRQFROOHFWLQJ

GDWDIURPERWKWKHXSSHUUNPDQGORZHUGRZQVWUHDPRI*XOI+DJDVDWUNP
)LJXUHVFDQG7DEOHSDUWVRIWKHULYHULQRUGHUWRLQYHVWLJDWHFKDQJHVLQ
FKDQQHOPRUSKRORJ\DERYHDQGEHORZWKHJRUJH)LHOGPHDVXUHPHQWVIURPWKH
1DUUDJXDJXV5LYHUFRPHIURPILHOGZRUNGRQHDVSDUWRIDSULRU0DVWHU¶VWKHVLVDW%RVWRQ
&ROOHJH:LONLQV)LJXUHVDQGD'DWDIURPWKH6KHHSVFRW5LYHUZHUHFROOHFWHG
DVSDUWRIYDULRXV%RVWRQ&ROOHJHVWXGHQWSURMHFWVEHWZHHQDQG+D]OLQVN\
LQSURJUHVV6WURXVHLQSURJUHVV)LJXUHVDQGE

5LYHU 'DWHFROOHFWHG
7RWDOOHQJWK
VXUYH\HG 3HEEOHFRXQWV
:%35  NP 
1DUUDJXDJXV 
NP
SDUWLDO 
6KHHSVFRW



NPLQ
PDLQVWHP
NPSDUWLDONP
LQ:HVW%UDQFK

7DEOH)LHOGVXUYH\GDWDIRUWKHWKUHHULYHUV

3.2.2 Width and depth measurements 
)LHOGPHDVXUHPHQWVRIDFWLYHDQGKLJKIORZFKDQQHOZLGWKDQGGHSWKLQYROYH
FURVVVHFWLRQDOFKDQQHOVXUYH\LQJRIDFWLYHZLGWKwaKLJKIORZZLGWK whfDFWLYH
GHSWKhaDQGKLJKIORZGHSWKhhfZLWKD/DVHU7HFK/5ODVHUUDQJHILQGHU
0HDVXUHPHQWVDUHWDNHQE\RQHSHUVRQVWDQGLQJLQWKHFKDQQHOWKDOZHJDQGVLJKWLQJD
VXUYH\URGKHOGRQHDFKEDQN7KHZDWHUVXUIDFHDWWKHEDQNVVHUYHVDVWKHUHIHUHQFHIRU
waZKLOHwhfLVGHILQHGE\WKHWUDQVLWLRQIURPDTXDWLFWRULSDULDQYHJHWDWLRQRQWKHEDQN

SURILOH/HRSROG6Q\GHUHWDO,XVH³KLJKIORZ´SDUDPHWHUVUDWKHUWKDQ
VHOIIRUPHG³EDQNIXOO´SDUDPHWHUVERWKEHFDXVHILHOGPHDVXUHPHQWVDUHPDGH
LQGHSHQGHQWRIVWDJHDQGDEDQNIXOOGHVLJQDWLRQDVVXPHVDVHOIIRUPHGFKDQQHO:LONLQV
DQG6Q\GHU0HDVXUHPHQWVRIFKDQQHOZLGWKDQGGHSWKwhDUHRQO\PDGHDW
FKDQQHOFURVVVHFWLRQVZKHUHLWLVVKDOORZHQRXJKWRVWDQGLQWKHWKDOZHJDQGZHDUHVWLOO
DEOHWRRSHUDWHWKHODVHUUDQJHILQGHUDWH\HOHYHO7KLVUHTXLUHPHQWOLPLWVWKHOHQJWKRI
VHYHUDORIWKHVWXG\VHJPHQWV)LJXUH7KHZLGWKWRGHSWKUDWLRw/h)LVDOVRFDOFXODWHG
IRUHYHU\FKDQQHOFURVVVHFWLRQDVWKH\DUHIUHTXHQWO\XVHGDVQRQGLPHQVLRQDOLQGLFDWRUV
RIFKDQQHOJHRPHWU\.QLJKWRQ'HILQLWLRQVRIILHOGDQG'(0GHULYHGSDUDPHWHUV
DUHOLVWHGLQ7DEOH

3.2.3 Grain size measurements 
,FRQGXFWHGFURVVVHFWLRQDOJUDLQVL]HSRLQWFRXQWVRIDWOHDVWFODVWVHYHU\
PHWHUVXVLQJWKH:ROPDQPHWKRG:ROPDQWRGHWHUPLQHPHGLDQD50DQGFRDUVH
IUDFWLRQD84) JUDLQVL]HDWDJLYHQFKDQQHOFURVVVHFWLRQ,SURFHVVHGSHEEOHFRXQWGDWDLQ
0DWODEWRSURGXFHSORWVRIJUDLQVL]HGLVWULEXWLRQIRUWKHVDPSOHGORFDWLRQVDQG,XVHWKH
FDOFXODWLRQVRID50 field DQGD84 field WRHYDOXDWHGRZQVWUHDPWUHQGVLQVHGLPHQWRYHUWKH
OHQJWKRIWKHULYHUV$SSHQGL[,FRPSDUHWKHVHUHVXOWVZLWKWKHFDOFXODWHGSUHGLFWLRQV
RIJUDLQVL]HD50 pred(TXDWLRQ




5(68/76$1',17(535(7$7,216
&KDQQHOGHVFULSWLRQVDQGVHJPHQWV
'XHWRWKHFKDQJHVLQFKDQQHOFKDUDFWHULVWLFVDORQJWKHOHQJWKRIWKH:HVW%UDQFK
RIWKH3OHDVDQW5LYHU:%35WKURXJKWKHVWXG\DUHD,GLYLGHWKHVXUYH\HGFKDQQHOLQWR
VHJPHQWVEDVHGRQFKDQJHVLQWKHORQJLWXGLQDOSURILOHDQGVHGLPHQWVXSSO\
GRZQVWUHDPRI%UDQFK3RQG'6%3XSVWUHDPRI*XOI+DJDV86*+*XOI+DJDVWR
:KLWH%URRN*+:%:KLWH%URRNWR6LOYHU/DNH:%6/DQGGRZQVWUHDPRI6LOYHU
/DNH'66/)LJXUHVFDQG7DEOH7KHXSSHUVXUYH\HGVHJPHQWRIWKH:%35
'6%3LVDQDUURZVLQJOHWKUHDGVWUHDPZLWKUHODWLYHO\KRPRJHQRXVVXEVWUDWHJUDLQVL]H
FRPSDUHGWRGRZQVWUHDPUHDFKHVRIWKHFKDQQHO7KHLPPHGLDWHGUDLQDJHEDVLQLVKHDYLO\
ZRRGHGDQGWKHEDQNVDUHWKLFNO\YHJHWDWHG)LJXUHV'RZQVWUHDPRIUNP
86*+VHJPHQW)LJXUHWKHFKDQQHOLVRFFDVLRQDOO\GLYHUWHGE\EHDYHUDFWLYLW\DQG
ODUJHZRRG\GHEULV/:'DQGLWWUDQVLWLRQVWRDORZHUJUDGLHQWVHFWLRQGRPLQDWHGE\
SRQGVDQGODNHV7KHEDVHOHYHORIWKHFKDQQHOXSVWUHDPRIUNPLVVHWE\EHGURFN
OHGJHVDWWKHXSVWUHDPERXQGDU\RI*XOI+DJDVDKLJKJUDGLHQWEHGURFNJRUJHWKDW
H[WHQGVIURPUNP)LJXUHVFDQG7DEOH7KH*+:%VHJPHQWLV
VLQJOHWKUHDGHGDQGWKH:%35WUDQVLWLRQVIURPWKHEHGURFNRI*XOI+DJDVWRDQDOOXYLDO
JUDYHOEHGGHGFKDQQHO,QWKH*+:%VHJPHQWWKHLQIOXHQFHRISDVWORJJLQJLQWKH
ZDWHUVKHGLVDSSDUHQWSDUWLFXODUO\DURXQGUNPZKHUHFXWORJVDQGRWKHUGHEULVDUH
DFWLYHO\HURGLQJRXWRIJUDYHOLQWKHEDQNV)LJXUH7KH:KLWH%URRNWULEXWDU\HQWHUV
WKHFKDQQHORQULYHUOHIWQRUWKDWUNPDQGPDUNVWKHXSVWUHDPERXQGDU\RIWKH
:%6/VXUYH\VHJPHQW7KH:KLWH%URRNDOOXYLDOIDQFKRNHVWKH:%35FKDQQHOZLWK

JUDYHODQGGRZQVWUHDPLQFKDQQHOEDUVEHFRPHFRPPRQ%\UNPWKHFKDQQHOLV
PRVWO\PXOWLWKUHDGHGZLWKHYLGHQFHRIDFWLYHFKDQQHOPLJUDWLRQLQQXPHURXVDEDQGRQHG
VLGHFKDQQHOV)LJXUH7KHFKDQQHOEHFRPHVLQFUHDVLQJO\VDQGEHGGHGGRZQVWUHDP
ZLWKSDWFK\JUDYHOVXEVWUDWHLQVRPHUHDFKHV7KLVFKDQQHOVHJPHQWLVPRUHWUDQVSRUW
OLPLWHGVHOIIRUPHGDQGGHSRVLWLRQDOUHODWLYHWRWKHRWKHUVHJPHQWVDQG/:'LVFRPPRQ
LQWKHFKDQQHO)LJXUHDVLWEHFRPHVSURJUHVVLYHO\ORZHUJUDGLHQWOHDGLQJLQWR6LOYHU
/DNHDVKDOORZPDUVKIULQJHGODNHDWWKHVLWHRIWKHIRUPHU.DWDKGLQ,URQ:RUNV.,
IDFLOLW\)LJXUHVFDQG7KHGRZQVWUHDPRXWOHWRIWKHODNHLVFRQWUROOHGDWUNP
E\DQLQFKDQQHOPZLGHUHPQDQWERXOGHUGDPRULJLQDOO\XVHGWRSRZHUWKH
EHOORZVRIWKH.,LURQVPHOWLQJIXUQDFHV)LJXUHVDQG'RZQVWUHDPRI6LOYHU/DNH
WRUNP'66/WKHFKDQQHOLVODUJHO\VLQJOHWKUHDGDQGERXOGHUVDQGEHGURFNFKXWHV
DUHSUHYDOHQW)LJXUH
6HYHUDOTXDOLWDWLYHLQIHUHQFHVUHODWLQJWRVHGLPHQWVXSSO\FDQEHGUDZQIURPILHOG
REVHUYDWLRQVDQGWKHFKDQQHOORQJLWXGLQDOSURILOH:%6/KDVWKHKLJKHVWVHGLPHQWVXSSO\
GXHWRWKHLQIOXHQFHRIWKHWULEXWDU\IDQDWUNPDQGH[KLELWVWKHVPDOOHVWD50 fieldDQG
SlidarPHDQVDQGOHDVWUDQJHLQSlidar7DEOH7KHVHJPHQWVGRZQVWUHDPRIODNHV'6%3
DQG'66/KDYHWKHOHDVWVHGLPHQWVXSSOLHGWRWKHFKDQQHODQG*+:%DQG86*+DUH
LQWHUPHGLDWHEHWZHHQWKHVHWZRHQGPHPEHUV'66/SURYLGHVWKHEHVWH[DPSOHRIDQ
LPSRVHGIRUPVHJPHQWZLWKQRWDEOHEHGURFNGRPLQDWHGFKDQQHOVHFWLRQVDUHODWLYHODFN
RIILQHUVHGLPHQWDQGDODUJH D50 field PHDQDQGVWDQGDUGGHYLDWLRQ7DEOH
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7DEOH6WDWLVWLFVDQGUDQJHRISDUDPHWHUVIRU:%35VXUYH\HGFKDQQHOVHJPHQWV
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Figure 17.  The view upstream from Billings’ Falls in 
Gulf Hagas on the WBPR (7/27/2009). 
Figure 18.  The view downstream at rkm 31.2 on the
WBPR at the downstream end of Gulf Hagas (8/4/2010). 
Figure 15.  The view downstream from First West 
Branch Pond on the WBPR at rkm 51.6 (NPS 7/29/2010). 
Figure 14. The view upstream at the outlet of Roach 
Pond on the WBPR, below rkm 51.7 (7/28/2009). 
Figure 16.  The view downstream from rkm 36.4 in 
the USGH segment of the WBPR (NPS 7/27/2009). 
Figure .  Downstream of Gulf Hagas, rkm 31.0 (8/2010).
Figure 19.  The view downstream from rkm 31.2 on
 the WBPR in the GHWB segment (8/4/2010). 

Figure 20. The view upstream from rkm 27.6 on the
WBPR, showing buried logging debris eroding from 
the river right bank (NPS 7/28/2010). 
Figure 21.  The view upstream from rkm 25.6 on the 
WBPR, showing the actively migrating channel above 
Silver Lake (8/1/2010). 
Figure 22.  The view downstream from rkm 17.0 on 
the WBPR showing the LWD-obstructed and sand-
bedded segment upstream of Silver Lake (8/2/2010).
Figure 25.  The view upstream from rkm 10.6 in the 
DSSL segment of the WBPR (8/3/2010). 
Figure 24.  The view upstream from rkm 14.8, at the
outlet of Silver Lake on the WBPR (NPS 7/29/2010). 
Figure 23.  The view across Silver Lake (rkm 19.3-14.8)
on the WBPR (8/2/2010).

)LHOGDQG*,6PHDVXUHPHQWV
4.2.1 Channel width and depth 
$FWLYHDQGKLJKIORZFKDQQHOZLGWKwa, whfDQGGHSWKha, hhfPHDVXUHPHQWV
FRPHIURPILHOGVXUYH\V7KHYDULDELOLW\RIwa DQG whfLQFUHDVHVGRZQVWUHDPZLWK
LQFUHDVLQJGUDLQDJHDUHDAZKHUHDVERWKhaDQGhhfKDYHDVLPLODUSDWWHUQRIPDJQLWXGH
GLVWULEXWLRQDORQJWKHFKDQQHOSURILOH)LJXUH
8QOLNHOLGDUZLGWKPHDVXUHPHQWVwlidarFKDQQHOGHSWKhFDQQRWEHGHWHUPLQHG
IURPWKHOLGDUGDWDVHWDQGVRPHDVXUHPHQWVRIGHSWKFRPHVROHO\IURPILHOGVXUYH\VRIha
DQGhhf 7DEOH$VDUHVXOW,RQO\FRPSDUHOLGDUDQGILHOGwPHDVXUHPHQWV:LONLQVDQG
6Q\GHUIRXQGWKDW*,6PHDVXUHPHQWVRIZLGWKEHVWPDWFKwaRQWKH1DUUDJXDJXV
5LYHUEXW,IRFXVRQwhfIRUFRPSDULVRQwlidarPHDVXUHPHQWVPDWFKwhf PHDVXUHPHQWV
EHWWHUWKDQwaRQWKH:%35SDUWLFXODUO\LQWKHPRUHEHGURFNGRPLQDWHGVXSSO\OLPLWHG
FKDQQHOVHJPHQWVVXFKDV'66/WKDWPDNHXSDVLJQLILFDQWSRUWLRQRIWKHVXUYH\HG
SRLQWV7DEOH'HVSLWHWKHKLJKUHVROXWLRQRIWKHOLGDU'(0RQO\RIwlidar IDOO
ZLWKLQDIDFWRURIRIWKHwhfPHDVXUHPHQWV)LJXUH7KLVGLVFUHSDQF\EHWZHHQ
wlidar DQGwhfLQFOXGHVERWKRYHUHVWLPDWLRQVDQGXQGHUHVWLPDWLRQVRIFKDQQHOZLGWK7KH
PDMRULW\RIWKHVFDWWHULQ)LJXUHUHSUHVHQWVZLGHUwlidar PHDVXUHPHQWVWKDQwhf
PHDVXUHPHQWVRYHUHVWLPDWLRQVDJDLQVWXQGHUHVWLPDWLRQVZKLOHRIWKRVH
RYHUHVWLPDWLRQVDUHJUHDWHUWKDQDIDFWRURI,QFRPSDULVRQRQO\RIWKHwlidar
PHDVXUHPHQWVDUHQDUURZHUWKDQwhfE\PRUHWKDQDIDFWRURI,H[SORUHWKHVHUHVXOWV
IXUWKHULQVHFWLRQEHORZ

)RUWKH:%35ZLGWKWRGHSWKUDWLRwhfhhfGLVSOD\VDJHQHUDOLQFUHDVLQJWUHQG
DQGWKHUDQJHLVFRQVLGHUDEO\JUHDWHULQWKHPLGGOHDQGGRZQVWUHDPVXUYH\HGFKDQQHO
UHDFKHV,WDSSHDUVDWILUVWJODQFHWKDWWKHPHDQwhfhhfIRUWKH:%35LVWKHVLPLODUWRWKH
1DUUDJXDJXVDQG6KHHSVFRWULYHUV)LJXUH+RZHYHUD]WHVWIRUPHDQVVKRZVWKDW
WKHQXOOK\SRWKHVLVWKDWWKHPHDQwhfhhfIRUWKH:%35LVWKHVDPHDVWKH1DUUDJXDJXV
DQG6KHHSVFRWULYHUVFDQEHUHMHFWHGDWDVLJQLILFDQFHOHYHORIĮ 7KH:%35
GLVWULEXWLRQPRVWFORVHO\UHVHPEOHVWKH1DUUDJXDJXV5LYHUZLWKUHVSHFWWRUDWLR
PDJQLWXGHDQGWKH6KHHSVFRW5LYHUZLWKUHVSHFWWRVKDSHRIWKHGLVWULEXWLRQV)LJXUH
7DEOH
3DUDPHWHU :%35 1DUUDJXDJXV 6KHHSVFRW
$FWLYHZLGWKwaP   
+LJKIORZZLGWKwhfP   
$FWLYHGHSWKhaP   
+LJKIORZGHSWKhhfP   
:LGWKWRGHSWKUDWLRwhf hhf   
7DEOH$YHUDJHDQGVWDQGDUGGHYLDWLRQIRUILHOGPHDVXUHPHQWVRIFKDQQHO
ZLGWKDQGGHSWK
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Figure 26 (a-g).  GIS-measured elevation, drainage area (A), slope (S), and channel width (wlidar) 
for the WBPR are shown in panels a-c. Field-measured high-flow and active channel width (whf, wa), 
high-flow and active depth (hhf, ha) and median grain size (D50 field) are shown in panels e-g. 
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Figure 27. 1:1 plot of channel widths measured from lidar (wlidar hf) for 
the WBPR. Each color corresponds to a separate survey segment.
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Figure 28. Histogram hf/hhf) for all three study rivers.The axis scales vary between panels.
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4.2.2 Bed shear stress measurements and interpretation 
 $OOWKUHHULYHUVGLVSOD\DFORVHUHODWLRQVKLSEHWZHHQEHGVKHDUVWUHVVFDOFXODWHG
XVLQJ*,6PHDVXUHPHQWVRISlidarADQGwlidar(TXDWLRQUHIHUUHGWRKHUHDVĲb predDQG
EHGVKHDUVWUHVVFDOFXODWHGXVLQJSlidarDQGhhf(TXDWLRQUHIHUUHGWRKHUHDVĲb fieldIRU
KLJKHUVKHDUVWUHVVHVEXWWKHFRUUHVSRQGHQFHLVVRPHZKDWZHDNHUEHORZDERXW3D
)LJXUHV,QWKLVUDQJHWKHĲb predYDOXHVDUHPRUHOLNHO\WREHJUHDWHUWKDQWKH
FRUUHVSRQGLQJĲb fieldYDOXHVE\DIDFWRURIWZR)RUWKH:%35RIWKHĲb predYDOXHV
IDOOZLWKLQDIDFWRURIRIWKHĲb fieldYDOXHV)LJXUHV7KHZRUVWSUHGLFWLRQVRIEHG
VKHDUVWUHVVRFFXULQWKH:%6/VHJPHQWRIWKHULYHUZKLFKKDVDKLJKHUVHGLPHQWORDG
DQGLVPRUHGHSRVLWLRQDOUHODWLYHWRWKHRWKHUVHJPHQWV)LJXUH5HPRYLQJWKH:%6/
VHJPHQWIURPWKHGDWDSURYLGHVDPDWFKRIRISUHGLFWHGVKHDUVWUHVVHVZLWKLQDIDFWRU
RIRIILHOGVKHDUVWUHVV7KLVLVVLPLODUWRWKHVKHDUVWUHVVSUHGLFWLRQDFFXUDF\LQWKH
1DUUDJXDJXVDQG6KHHSVFRW5LYHUV)LJXUH
7KHDELOLW\WRDFFXUDWHO\PHDVXUHFKDQQHOZLGWKXVLQJOLGDULVFULWLFDOWR
GHWHUPLQLQJEHGVKHDUVWUHVVLQWKHFKDQQHODV,XVHwlidarWRFDOFXODWHĲb pred(TXDWLRQ
$VPHQWLRQHGLQVHFWLRQRIwlidar PHDVXUHPHQWVIDOOZLWKLQDIDFWRURIRI
whfPHDVXUHPHQWV,QRUGHUWRHYDOXDWHWKHSRWHQWLDOLQIOXHQFHRIWKLVGLIIHUHQFHLQZLGWK
PHDVXUHPHQWV,FDOFXODWHĲb predXVLQJWKHILHOGPHDVXUHGwhf LQSODFHRIwlidar 
(TXDWLRQ
߬௕ ௣௥௘ௗ(௪೓೑) = ȡgnଷ/ହ ൤
௞೜஺೎
௪೓೑ ൨
ଷ/ହ
௟ܵ௜ௗ௔௥଻/ଵ଴,(TXDWLRQ


DQGFRPSDUHLWWRĲESUHGFDOFXODWHGXVLQJZLWKwlidar (TXDWLRQUHSURGXFHGEHORZ
߬௕ ௣௥௘ௗ = ȡgnଷ/ହ ቂ ௞೜஺
೎
௪೗೔೏ೌೝቃ
ଷ/ହ
௟ܵ௜ௗ௔௥଻/ଵ଴
7KHVHUHVXOWVVKRZWKDWRIWKHSUHGLFWHGEHGVKHDUVWUHVVYDOXHVIDOOZLWKLQDIDFWRU
RIRIHDFKRWKHU)LJXUH7KXVLUUHVSHFWLYHRIXVLQJ*,6(TXDWLRQRUILHOG
PHDVXUHG(TXDWLRQZLGWKVWRFDOFXODWHSUHGLFWHGEHGVKHDUVWUHVVWKHUHVXOWLQJYDOXHV
DUHVLPLODU

4.2.3 Field grain size measurements
7KH:%35KDVDFRQVLGHUDEO\FRDUVHUDYHUDJHEHGJUDLQVL]HWKDQHLWKHUWKH
1DUUDJXDJXVRU6KHHSVFRW5LYHUVFRQVLVWHQWZLWKLWVKLJKHUVORSH)LJXUHVDQG7KH
'6%3DQG86*+VHJPHQWVKDYHDILQHUDQGJUHDWHURYHUDOOUDQJHRID50fieldWKDQWKH
*+:%VHJPHQWGRZQVWUHDPRIWKH*XOI+DJDVEHGURFNFDQ\RQ)LJXUHK7DEOH
D50fieldGHFUHDVHVGRZQVWUHDPIURP*XOI+DJDVZLWKDQDEUXSWLQFUHDVHDWWKHERXQGDU\
EHWZHHQWKH*+:%DQG:%6/VHJPHQWVDWUNP)LJXUHVDQG
'RZQVWUHDPILQLQJGXHWRVHOHFWLYHGHSRVLWLRQLVDZHOOGRFXPHQWHGSURFHVV3DRODHWDO
5LFHDQG&KXUFK'DYH\DQG/D3RLQWHDQGDFOHDUGRZQVWUHDPILQLQJ
WUHQGLQD50fieldLVQRWLFHDEOHOHDGLQJLQWR6LOYHU/DNH:%6/)LJXUHVJDQG
'RZQVWUHDPRI6LOYHU/DNH'66/WKHUDQJHDQGPDJQLWXGHRID50fieldLVUHVWULFWHG
UHODWLYHWR:%6/)LJXUHHI7DEOH



Figure 29. Shaded relief map showing the ratio of predicted to field-measured bed shear 
stress (τb pred / τb field) on the WBPR. 
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Figure 30.  1:1 plot of predicted bed shear stress (τb pred) to field-measured bed shear stress 
(τb field) for all three study rivers. 
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Figure 31.  1:1 plot of predicted bed shear stress (τb pred) to field-measured bed shear stress 
(τb field) for the WBPR. Each color corresponds to a separate survey segment. 
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Figure 32. measured widths (τb pred (whf)) to 
bed shear stress calculated using lidar widths (τb pred (wlidar)) for the WBPR.
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Figure 3.  Histogram measured median- and coarse-fraction grain size 
(D , D ) for all three study rivers.
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Figure 3. Shaded relief map showing field-measured median grain size (D50 field) for the WBPR.
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Figure 3.  Histograms of field-measured median grain size (D50 field) values 
for the entire WBPR (a) and each field-surveyed segment of the WBPR (b - f ).
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*UDLQVL]HSUHGLFWLRQV
6L[W\VHYHQSHUFHQWRIWKHILHOGPHDVXUHGPHGLDQJUDLQVL]HVD50 fieldLQWKH
:%35IDOOZLWKLQDIDFWRURIUDQJHRIWKHSUHGLFWHGYDOXHVD50 predFRPSDUHGWR
LQWKH1DUUDJXDJXV5LYHUDQGLQWKH6KHHSVFRW5LYHU)LJXUHVFDQG
7DEOH(TXDWLRQ
:%35VHJPHQW 'SUHGQ ZLWKLQ[
'6%3 
86*+ 
*+:% 
:%6/ 
'66/ 
&RPELQHG 
7DEOHD50 SUHGLFWLRQVIRUWKH:%35
7KHEHVWILWEHWZHHQSUHGLFWHGDQGILHOGPHDVXUHGD50 RFFXUVLQWKH'66/
VHJPHQWZKHUHRIWKHSUHGLFWHGYDOXHVZLWKLQIDFWRURIRIWKHILHOGPHDVXUHG
YDOXHV)LJXUHV$VZLWKVKHDUVWUHVVĲb)LJXUHWKHOHDVWVXFFHVVIXOSUHGLFWLRQV
RFFXULQWKH:%6/VHJPHQWRIWKH:%35ZLWKZLWKLQDIDFWRURI)LJXUH
7DEOH(TXDWLRQ7KLVLVH[SHFWHGDVĲELVDVWURQJFRQWURORQD50 (TXDWLRQ
5HPRYLQJWKH:%6/VHJPHQWIURPWKLVDQDO\VLVLQFUHDVHVWKHSHUFHQWDJHRISUHGLFWHG
D50 ZLWKLQDIDFWRURIWR)LJXUH7KLVLPSURYHPHQWVXJJHVWVWKDWWKH
WUDQVSRUWOLPLWHGGHSRVLWLRQDO:%6/VHJPHQWLVEHKDYLQJVRPHZKDWGLIIHUHQWO\WKDQWKH
RWKHUSDUWVRI:%35
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Figure 3.  Plots of longitudinal profile indicating field-surveyed segments (a), predicted 
and field-measured shear stress (τb pred, τb field ; b), predicted and field-measured median 
grain size (D50 pred, D50 field; c) and field high-flow width to depth ratio (whf/hhf; d) for the WBPR.
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Figure 37.  Shaded relief m measured median 
grain size (D50 pred/D ) for the WBPR, using a constant intermediate roughness parameter 
(n=0.04) to calculate D50 lidar (Equations 1 & 5).
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Figure 38.  1:1 plot of predicted median grain size (D50 pred) to field-measured median grain 
size (D50 field) for the three study rivers
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Figure 39.  1:1 plot of predicted median grain size (D50 pred) to field-measured median grain size 
(D50 field) for the WBPR. Each color corresponds to a separate survey segment. 
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',6&866,21
,QVHFWLRQ,GLVFXVVWKHDSSOLFDWLRQRIWKH:LONLQVDQG6Q\GHUJUDLQ
VL]HSUHGLFWLRQPRGHOWRWKHJHRPRUSKRORJ\RIWKH:HVW%UDQFKRIWKH3OHDVDQW5LYHU,Q
VHFWLRQ,GLVFXVVWKHDFFXUDF\RIWKH:LONLQVDQG6Q\GHUPRGHOLQWKHKLJK
JUDGLHQWSDUDJODFLDO:%35DQGWKHSRWHQWLDOLQIOXHQFHRIPHDVXUHPHQWHUURULQWKH
SUHGLFWLRQUHVXOWV,QVHFWLRQ,FRPSDUHWKLVVWXG\WRSULRUD50 SUHGLFWLRQVWXGLHVDQG
H[SORUHWKHLQIOXHQFHRIYDULDWLRQVLQFKDQQHOURXJKQHVVRQD50SUHGLFWLRQV,WKHQ
FRPSDUHFKDQQHOSDUDPHWHUVZLWKWKHSUHGLFWLRQHTXDWLRQVRI3DUNHUHWDOWRWHVW
ZKHWKHUWKHVWXG\VHJPHQWVEHKDYHOLNHVLQJOHWKUHDGDOOXYLDOJUDYHOFKDQQHOV,FRQFOXGH
WKHFKDSWHULQVHFWLRQE\DGGUHVVLQJWKHLPSOLFDWLRQVRIWKHVHUHVXOWVIRUFKDQQHO
UHVWRUDWLRQSURMHFWV

0RGHODSSOLFDWLRQWRWKH:%35
 +HUH,GLVFXVVORFDWLRQVRQWKH:%35ZKHUHWKHPRGHOSUHGLFWLRQUHVXOWVIDLO
IRFXVLQJRQWKHLQIOXHQFHRIVHGLPHQWVXSSO\DQGGRZQVWUHDPILQLQJRIJUDLQVL]H

5.1.1 Model results and sediment supply 
,QWKH:%35WKHPRGHODFFXUDWHO\SUHGLFWVEHGJUDLQVL]HD50LQWKHUDQJHIRU
LGHDOVDOPRQVSDZQLQJKDELWDWaPPEXWWHQGVWRIDLOLQILQHUSDUWVRIWKHFKDQQHO
D50 PP)LJXUHVFDQG(TXDWLRQ7KLVZDVDOVRVHHQE\:LONLQVDQG
6Q\GHUDOWKRXJKWKHUDQJHRIPLVILWVRQWKH:%35LVVRPHZKDWFRDUVHUWKDQ
PLVILWVRQHLWKHUWKH1DUUDJXDJXVRU6KHHSVFRWULYHUV)LJXUH7KHVHREVHUYDWLRQV

VXSSRUWWKHK\SRWKHVLVWKDWWKLVSUHGLFWLRQPRGHO(TXDWLRQLVPRVWDSSOLFDEOHLQ
VXSSO\OLPLWHGWKUHVKROGFKDQQHOVZKHUHWKHEHGVHGLPHQWLVFRPSRVHGRIODJGHSRVLWV
RQO\HQWUDLQHGGXULQJIORRGV7KHPRGHOSUHGLFWVD50 PRVWDFFXUDWHO\LQVHJPHQWV
GRZQVWUHDPRISRQGVRUODNHVZKHUHVHGLPHQWVXSSO\LVORZ7KHVHVHJPHQWVLQFOXGHWKH
XSVWUHDP'6%3VHJPHQWDQGWKHGRZQVWUHDP'66/VHJPHQWZKLFKDUHUHODWLYHO\GHYRLG
RIILQHVXEVWUDWH)LJXUHVJFDQG7DEOH0RUHGHSRVLWLRQDOVHJPHQWV
VXFKDVWKHWUDQVSRUWOLPLWHG:%6/VXSSRUWWKHK\SRWKHVLVWKDWEHGPDWHULDOGHSHQGVRQ
WKHVL]HDQGTXDQWLW\RIVHGLPHQWVXSSOLHGWRWKHFKDQQHO7KH:%6/VHJPHQWKDVD
KLJKHUVHGLPHQWORDGGXHWRWKHLQIOXHQFHRIWKH:KLWH%URRNWULEXWDU\DQGWKHSUHGLFWHG
YDOXHVPRUHFORVHO\PDWFKWKHILHOGPHDVXUHGYDOXHVZKHUHFRDUVHVHGLPHQWLVGHOLYHUHG
WRWKHFKDQQHO)LJXUHVFDQG+RZHYHUFKDQQHOFRPSOH[LW\PXOWLWKUHDGYV
VLQJOHWKUHDGFKDQQHOVLQFUHDVHVDQGJUDLQVL]HGHFUHDVHVFRUUHVSRQGZLWKJUHDWHU
XQSUHGLFWDELOLW\DQGVFDWWHUIDUWKHUGRZQVWUHDP)LJXUHVJDQGF,QWKHVHJPHQWV
ZLWKLQWHUPHGLDWHPDWFKHVEHWZHHQD50 predDQGD50 field86*+DQG*+:%WKHPRGHO
SUHGLFWVJUDLQVL]HUHDVRQDEO\ZHOOGHVSLWHJUHDWHUFKDQQHODQGD50 fieldYDULDELOLW\WKDQ
'6%3RU'66/)LJXUHVKDQGFG7DEOH
,QOLJKWRIWKHVHUHVXOWVLWDSSHDUVWKDWWKLVDSSURDFKLVDUHDVRQDEO\JRRG
SUHGLFWRURIJUDLQVL]HSDUWLFXODUO\ZKHQWKHPRVWGHSRVLWLRQDOVHJPHQWRIWKH:%35LV
H[FOXGHG7KLVVXSSRUWVWKHK\SRWKHVLVWKDWWKHPRGHOVKRXOGSHUIRUPEHVWLQVXSSO\
OLPLWHGWKUHVKROGUHDFKHVZKHUHEHGVHGLPHQWLVSULPDULO\FRPSRVHGRIODJGHSRVLWVDQG
ZRUVWLQUHDFKHVZKHUHILQHVXEVWUDWHVSUHGRPLQDWHDQGD50 LVHQWUDLQHGGXULQJPRUH
IUHTXHQWIORZV$VK\SRWKHVL]HGWKHPRGHOZRUNVOHVVZHOOLQWUDQVSRUWOLPLWHG

GHSRVLWLRQDODQGRUQRQWKUHVKROGFKDQQHOVHJPHQWVVXFKDV:%6/WKDWKDYHLQFUHDVHG
ILQHVHGLPHQWLQSXWDQGDKLJKHUGHJUHHRIFKDQQHOYDULDELOLW\)LJXUHVFDQG
7DEOH&KDQQHOVHJPHQWVZLWKLQWHUPHGLDWHSUHGLFWLRQDFFXUDF\86*+*+:%KDYH
VRPHYDULDELOLW\ZLWKUHVSHFWWRJUDLQVL]HDQGFKDQQHOPRUSKRORJ\EXWQRWHQRXJKWR
VLJQLILFDQWO\RIIVHWWKHSUHGLFWLYHSRZHURIWKHPRGHO)LJXUHDQG7DEOH*,6
GDWDLQFOXGLQJPHDVXUHPHQWVRIVORSHIURP'(0VVKDGHGUHOLHILPDJHU\DQGDHULDO
SKRWRJUDSKVDUHXVHIXOIRULGHQWLI\LQJORZJUDGLHQWPXOWLWKUHDGHGFKDQQHOVHJPHQWV
VXFKDV:%6/ZKHUHSUHGLFWLRQVDUHOHVVOLNHO\WREHVXFFHVVIXOEHFDXVHWKH\GRQRWILW
WKHWKUHVKROGFKDQQHOFDVH

5.1.2 Downstream fining 
'RZQVWUHDPILQLQJRIVXEVWUDWHJUDLQVL]HGXHWRVHOHFWLYHGHSRVLWLRQKDVEHHQ
H[WHQVLYHO\GRFXPHQWHGLQERWKODERUDWRU\DQGILHOGVHWWLQJV3DRODHWDO5LFHDQG
&KXUFK'DYH\DQG/D3RLQWHDVWKHIORZORVHVFRPSHWHQFHDFURVVORZ
JUDGLHQWVWUHWFKHVRIFKDQQHOJUDGXDOO\GURSSLQJRXWLWVODUJHUJUDLQVL]HORDG7KLV
SDWWHUQLVHYLGHQWLQWKH:%35DVWKHD50fieldYDOXHVGLVSOD\DGRZQVWUHDPILQLQJWUHQG
ZLWKLQHDFKVXUYH\HGFKDQQHOVHJPHQWRIFKDQQHO)LJXUHVJDQGF7KLVVHJPHQWHG
SDWWHUQRIGLVFUHWHILQLQJWUHQGVLVFRQVLVWHQWZLWKWKHVHGLPHQWDU\OLQNVFRQFHSWRI5LFH
DQG&KXUFKZKLFKEUHDNVFKDQQHOVLQWRGLVWLQFW³OLQNV´EDVHGRQUHDFKVFDOH
ODWHUDOLQSXWVRIFRDUVHJUDLQHGVHGLPHQW7KHZRUNRI'DYH\DQG/D3RLQWH
H[SDQGVWKHDSSURDFKRI5LFHDQG&KXUFKWRDSDUDJODFLDO³ROGPRXQWDLQ´V\VWHP
PRUHVLPLODUWRWKH:%35DVLWWDNHVLQWRDFFRXQWFRDUVHVHGLPHQWLQSXWVIURPJODFLDO
GHSRVLWVDQGDOOXYLDOIDQV,QWKHFDVHRIWKH:%35WKHEHGURFNFDQ\RQVXSSOLHVFRDUVH

VHGLPHQWWRWKHFKDQQHOEHORZ*XOI+DJDV)LJXUH$QLQFUHDVHLQPHGLDQJUDLQVL]H
FRLQFLGHVZLWKWKHGHOLYHU\RIWKH:KLWH%URRNFREEOHJUDYHOWULEXWDU\IDQWRWKHFKDQQHO
RQULYHUOHIWDWUNP)LJXUHJ7KHVORSHRIWKHFKDQQHOEHGH[HUWVDVWURQJ
LQIOXHQFHRQGRZQVWUHDPILQLQJDVUHODWLYHO\KLJKJUDGLHQWFKDQQHOVHJPHQWVWUDQVLWLRQ
WRGRZQVWUHDPEDVHOHYHOVVHWE\EHGURFNFRDUVHERXOGHUUHDFKHVVXFKDVXSVWUHDPRI
*XOI+DJDVDQG6LOYHU/DNH6ORSHLVDQLPSRVHGYDULDEOHLQPXFKRIWKHFKDQQHO
LQFOXGLQJ'6%3DQG'66/EXWWKHPRUHGHSRVLWLRQDO:%6/VHJPHQWVXJJHVWVWKDWLQ
VRPHORFDWLRQVVORSHKDVODUJHO\DGMXVWHGWRWKHVHGLPHQWORDG
*HQHUDODSSOLFDWLRQRIWKH:LONLQVDQG6Q\GHUSUHGLFWLRQPRGHO
,ILQGWKDWWKH:LONLQVDQG6Q\GHUEHGJUDLQVL]HD50PRGHOSURYLGHVD
UHDVRQDEO\DFFXUDWHSUHGLFWLRQRIILHOGJUDLQVL]HLQDQLQODQGKLJKJUDGLHQWSDUDJODFLDO
WKUHVKROGULYHUV\VWHP,QWKLVVHFWLRQ,H[SORUHWKHUHODWLYHLPSRUWDQFHRIWKHPRGHO
SDUDPHWHUVRQWKHEHGJUDLQVL]HSUHGLFWLRQHTXDWLRQ(TXDWLRQDVZHOODVWKHSRWHQWLDO
LPSDFWRIPHDVXUHPHQWHUURU

5.2.1 Predictor strength 
6LPSOHOLQHDUUHJUHVVLRQVRIS ADQGwDJDLQVWD50 fieldVKRZWKDWWKHOLGDUEDVHG
PRGHO(TXDWLRQSURYLGHVDVWURQJHUSUHGLFWLRQRIEHGJUDLQVL]HWKDQDQ\RIWKH
LQGLYLGXDO'(0GHULYHGFKDQQHOSDUDPHWHUV)LJXUH,QRUGHUWRHYDOXDWHWKH
LQIOXHQFHRISADQGwlidarRQWKHSUHGLFWLRQPRGHO,XVHGVWDQGDUGPXOWLSOHUHJUHVVLRQ
7DEOH(TXDWLRQ,DOVRH[DPLQHWKHUHODWLYHVLJQLILFDQFHRIWKHUHJUHVVLRQ
SDUDPHWHUVE\WHVWLQJWKHQXOOK\SRWKHVLVWKDWSADQGwlidarDUHHTXDOWR]HURDJDLQVWWKH

DOWHUQDWLYHK\SRWKHVLVWKDWDWOHDVWRQHRIWKHYDULDEOHVLVQRWHTXDOWR]HUR $VWKHSYDOXH
,UHMHFWWKHQXOOK\SRWKHVLVWKDWWKHUHJUHVVLRQSDUDPHWHUVDUH]HURDWDVLJQLILFDQW
OHYHORIĮ DQG,FRQFOXGHWKDWWKHSDUDPHWHUVDUHMRLQWO\VWDWLVWLFDOO\VLJQLILFDQWDW
Į $QDQDO\VLVRIWKHLQGLYLGXDOUHJUHVVLRQSDUDPHWHUVVKRZVWKDWSLVWKHPRVW
KLJKO\VWDWLVWLFDOO\VLJQLILFDQWYDULDEOHLQWKDWLWKDVWKHJUHDWHVWLPSDFWRQWKHILWRIWKH
UHJUHVVLRQZLWKS7DEOH
y SAwlidar
(TXDWLRQ5HJUHVVLRQHTXDWLRQ

5HJUHVVLRQSDUDPHWHU &RHIILFLHQW 6WDQGDUGHUURU 3YDOXH
S   (
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
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Figure 40. Regressions of predicted median grain size (D50 pred; panel a) and GIS-
measured slope (S; panel b), drainage area (A; panel c), and channel width (wlidar; 
panel d; all standardized to a mean of one and a standard deviation of zero) against 
field-measured median grain size (D50 field) for the WBPR.
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5.2.2 Width measurements 
/LGDUZLGWKPHDVXUHPHQWVwlidarLPSDFWVKHDUVWUHVVPHDVXUHPHQWV(TXDWLRQ
ZKLFKLQWXUQLPSDFWJUDLQVL]HSUHGLFWLRQV(TXDWLRQ$VDUHVXOWPHDVXUHPHQWHUURU
FDQSRWHQWLDOO\FDVFDGHWKURXJKWKHPRGHO/RFDWLRQVZKHUHwlidar LVZLGHUWKDQwhfDUH
PRUHFRPPRQWKDQWKHRSSRVLWHFDVHDQGWKHPDJQLWXGHVRIWKHRYHUHVWLPDWLRQVDUH
JUHDWHU)LJXUHV7KHOLGDUDQGGLJLWDORUWKRSKRWRJUDSKTXDGUDQJOH'24PDSVLQ
)LJXUHVVKRZWZRDOOXYLDOZLGHYDOOH\ERWWRPUHDFKHVRIWKH:%35ZLWKLQWKH
:%6/VHJPHQW)LJXUHD7KHXSVWUHDPUHDFK)LJXUHDDQGFLVJUDYHOEHGGHG
DQGKDVQRZLGWKPLVILWVwlidar whfJUHDWHUWKDQDIDFWRURIRUOHVVWKDQDIDFWRURI
,QFRQWUDVWWKHGRZQVWUHDPUHDFK)LJXUHEDQGGWUDQVLWLRQVLQWRDSULPDULO\
VDQGEHGGHGFKDQQHOZLWKDYDULDEOHPXOWLWKUHDGHGPRUSKRORJ\E\UNP$OWKRXJK
WKHVHUHDFKHVDSSHDUVLPLODULQWKHOLGDUDQGDHULDOSKRWRJUDSKYLHZVWKHGRZQVWUHDP
UHDFKKDVVHYHUDORYHUSUHGLFWLRQV7KLVVXJJHVWVWKDWIDFWRUVVXFKDVJUDLQVL]HWKDWDUH
QRWUHDGLO\DSSDUHQWLQWKHOLGDURUDHULDOSKRWRJUDSKYLHZVKDYHDQLPSDFWRQSUHGLFWLRQ
DFFXUDF\7KHSUHVHQFHRIYHJHWDWLRQDQGWUHHVRYHUKDQJLQJWKHFKDQQHODQGXQFOHDU
YHJHWDWLRQEDQNLQWHUIDFHVPD\EHSRWHQWLDOOLPLWDWLRQVRQWKHSUHFLVLRQRIILHOGZLGWK
PHDVXUHPHQWVEXWWKHSULPDU\GLIIHUHQFH EHWZHHQWKHVHUHDFKHVLVVXEVWUDWHJUDLQVL]H
ZKLFKFDQRQO\EHGHWHUPLQHGE\ILHOGREVHUYDWLRQ7KHWHQGHQF\RIRYHUSUHGLFWLRQVRI
ZLGWKWRRFFXULQILQHJUDLQHGVHJPHQWVVXJJHVWVWKDWLWLVGLIILFXOWWRDFFXUDWHO\PHDVXUH
ZLGWKXVLQJ*,6LQWKHVHORFDWLRQV


,QFHUWDLQXQGHUSUHGLFWHGORFDWLRQVLWLVOLNHO\WKDWIOXYLDOIHDWXUHVVXFKDVEDUV
EDQNDQGLVODQGVWKDWDSSHDUWREHH[WUDFKDQQHOIHDWXUHVLQWKHOLGDULPDJHVDUHDFWXDOO\
LQFKDQQHOIHDWXUHVZLWKLQWKHKLJKIORZZHWWHGSHULPHWHURIWKHFKDQQHO,QRWKHU
XQGHUSUHGLFWHGORFDWLRQVVXFKDV86*+ZKHUHWKHEDVHOHYHORIWKHVHJPHQWLV
FRQWUROOHGE\WKHXSVWUHDPHQGRIWKH*XOI+DJDVFDQ\RQDWUNPPDUVKHVDQGKHDY\
YHJHWDWLRQPDNHLWGLIILFXOWWRGLVFHUQEDQNVFOHDUO\LQWKHOLGDUGDWDVHW$VDUHVXOW
86*+KDVWKHZRUVWUHODWLRQVKLSEHWZHHQ wlidarDQGwhf 7DEOH5HPHDVXULQJwlidar
EDVHGRQYHJHWDWLRQKHLJKWFRYHUDJHUHYHDOVDEHWWHUPDWFKEHWZHHQwlidarDQGwhf  
)LJXUH7RGRWKLV,XVH$UF*,6WRROVWRVXEWUDFWWKHILOWHUHGOLGDUIURPWKH
XQILOWHUHGOLGDUGDWDVHWZKLFKSURGXFHVDWKLUGFRYHUDJHRIWKHYHUWLFDOGLIIHUHQFH
EHWZHHQWKHWZRLQLWLDOGDWDVHWVHTXLYDOHQWWRWKHYHJHWDWLRQKHLJKW2YHUOD\LQJWKLV
YHJHWDWLRQFRYHUDJHRQWKHOLGDUVKDGHGUHOLHIGDWDVHWLVXVHIXOIRUUHPHDVXULQJFKDQQHO
ZLGWKVE\GLIIHUHQWLDWLQJEHWZHHQLQWUDDQGH[WUDFKDQQHOIHDWXUHVZKLFKPLJKWQRWEH
LPPHGLDWHO\DSSDUHQWLQWKHOLGDULPDJHV+RZHYHUWKLVLVQRWDSHUIHFWVROXWLRQDVLW
GRHVQRWIXOO\UHVROYHDOOXYLDOFKDQQHOVHJPHQWVWKDWPD\QRWKDYHFOHDUO\GHILQHGEDQN
YHJHWDWLRQERXQGDULHV:KHWKHURUQRWWKLVYHJHWDWLRQFRYHUDJHLVUHIHUHQFHGZLGWK
PHDVXUHPHQWVDUHPRVWDFFXUDWHZKHUHWKHFKDQQHOKDVFOHDUO\GHILQHGEDQNVLQWKHDHULDO
SKRWRJUDSKVLQWKHOLGDULPDJHU\DQGRQWKHJURXQG)LQDOO\GHVSLWHWKHRYHUDQGXQGHU
SUHGLFWLRQVRIZLGWKVKHDUVWUHVVFDOFXODWLRQVLQGLFDWHWKDWWKHYDULDWLRQEHWZHHQwlidar
DQGwhfGRHVQRWJUHDWO\LPSDFWĲbSUHGLFWLRQV)LJXUHV

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wfield hf
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Figure 4. Lidar shaded relief maps (a-b) and digital orthophoto quadrangles (DOQs) 
(c-d) showing overestimations of channel widths (wlidar/whf > 1.5) in the WBSL 
segment of the WBPR. The missing datapoints in panels a and c are locations where 
the flow is too deep to stand in and measure channel width.
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Figure 4.  1:1 plot of original (red) and revised (blue)  lidar widths (wlidar) and 
field-measured widths (whf) for the USGH segment of the WBPR.
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&RPSDULVRQWRRWKHUVWXGLHV
0DQ\SULRUVWXGLHVXVLQJ'(0DQGILHOGPHDVXUHPHQWVWRSUHGLFWFKDQQHO
FKDUDFWHULVWLFVDQGKDELWDWVHUYHDVXVHIXOUHIHUHQFHVIRUWKLVVWXG\HJ&DUERQQHDXHW
DO/HJOHLWHUHWDO&RORXPEH3RQWEULDQGDQG/D3RLQWH&DUERQQHDX
HWDO)RQVWDGDQG0DUFXV+HGJHUHWDO1HHVRQHWDO
'RQDOGVRQHWDO.LPDQG/D3RLQWH'RQDOGVRQDQG6NODU,IRFXVRQ
XVLQJFKDQQHOJHRPHWU\WRSUHGLFWVXEVWUDWHJUDLQVL]HEXLOGLQJRIIRI:LONLQVDQG
6Q\GHUDQGVLPLODUWR%XIILQJWRQHWDO,QWKLVVHFWLRQ,ZLOOGLVFXVVWKH
LPSRUWDQWGLVWLQFWLRQVEHWZHHQWKHPRGHO,XVHDQGWKH%XIILQJWRQHWDODSSURDFK
DVZHOODVSRWHQWLDOLPSURYHPHQWVWRWKHPRGHO,ZLOODOVRFRPSDUHWKLVVWXG\WRWKH
3DUNHUHWDODSSURDFKWRZDUGSUHGLFWLQJDOOXYLDOFKDQQHOJHRPHWU\LQRUGHUWR
H[SORUHZKHUHWKH:%35GRHVQRWILWWKHWKUHVKROGFKDQQHOFDVH

5.3.1 Comparison to Buffington et al. (2004): channel roughness 
$QREMHFWLYHRIWKLVVWXG\LVWRXVHDVLPSOHHDVLO\DSSOLHGPRGHOWRSUHGLFWJUDLQ
VL]HDWDFKDQQHOOHQJWKVFDOH5HVXOWVRIWKHEHGJUDLQVL]HD50SUHGLFWLRQVLQGLFDWHWKDW
LWLVDUHDVRQDEO\JRRGDSSURDFK)LJXUHVEXWLWUDLVHVWKHTXHVWLRQRIZD\VWR
LPSURYHRUILQHWXQHWKHPRGHO3UHGLFWLRQRID50XVLQJ(TXDWLRQDVVXPHVDFRQVWDQW
YDOXHIRU0DQQLQJURXJKQHVVFRHIILFLHQWnRI7DEOH7KLVYDOXHRInLVDVVLJQHG
EDVHGRQYLVXDOFRPSDULVRQWRVLPLODUULYHUVZLWKPHDVXUHGURXJKQHVV%DUQHVDV
ZHOODVSUHFHGHQFHLQWKH:LONLQVDQG6Q\GHUVWXG\RIVLPLODUULYHUV+RZHYHU
%XIILQJWRQHWDOWRRNYDULDWLRQVLQFKDQQHOURXJKQHVVDQGFKDQQHOW\SHLQWR
DFFRXQWLQWKHLUJUDLQVL]HSUHGLFWLRQVDQGVRLQRUGHUWRH[SORUHWKHSRWHQWLDOHIIHFWRI

URXJKQHVV,FRPSDUHJUDLQVL]HSUHGLFWLRQVXVLQJWKUHHDSSUR[LPDWHGURXJKQHVVYDOXHV
n KLJKHQGn DVVXPHGYDOXHDQGn ORZHQG)LJXUHV
7DEOH7KHORZHQGnYDOXHVSURGXFHWKHEHVWRYHUDOOPDWFKZLWKILHOGPHDVXUHGJUDLQ
VL]HZKLOHWKHKLJKHQGURXJKQHVVSUHGLFWLRQVSURGXFHWKHZRUVWILW+RZHYHUWKHORZ
HQGnYDOXHVSURGXFHDEHWWHUILWWKDQWKHDVVXPHGnYDOXHLQRQO\WKH*+:%DQG:%6/
VHJPHQWV)LJXUH$VSUHYLRXVO\GLVFXVVHGWKH:%6/VHJPHQWLVPRUHILQHJUDLQHG
DQGGHSRVLWLRQDOWKDQWKHRWKHUFKDQQHOVHJPHQWV)LJXUH([FOXGLQJWKLVVHJPHQW
IURPWKHFDOFXODWLRQVSURGXFHVDEHWWHUPDWFKIRUHDFKYDOXHRInZKLOHWKHEHVWILW
RFFXUVZLWKWKHLQWHUPHGLDWHURXJKQHVVn )LJXUHE9DU\LQJURXJKQHVVE\
VHJPHQWDORQJWKHFKDQQHOORQJLWXGLQDOSURILOHPD\EHDXVHIXODSSURDFKIRULPSURYLQJ
WKHDFFXUDF\RIWKHJUDLQVL]HSUHGLFWLRQV

:%35VHJPHQW 'SUHGQ ZLWKLQ[
'SUHGQ 
ZLWKLQ[
'SUHGQ 
ZLWKLQ[
'6%3   
86*+   
*+:%   
:%6/   
'66/   
&RPELQHGVHJPHQWV   
&RPELQHGQR:%6/   
7DEOH5HODWLRQVKLSEHWZHHQSUHGLFWHGD50 predDQGREVHUYHGD50 fieldPHGLDQ
JUDLQVL]HIRUHDFKFKDQQHO³OLQN´XVLQJDUDQJHRIURXJKQHVVSDUDPHWHUVWRFDOFXODWH
'OLGDU&RPELQHGGDWDVKRZVWKHWRWDOIRUWKHHQWLUHVXUYH\HGUHDFKHVRIWKHULYHU
ZKLOHWKHFRPELQHGQR:%6/GDWDH[FOXGHVWKHDOOXYLDO:%6/VHJPHQW
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Figure 43. 1:1 plot of predicted median grain size (D50 pred measured
median grain size (D ) with varying roughness (n) for the WBPR. Each color 
ment and each shape indicates a 
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Figure 44. measured median grain size 
(D50 pred/D
(high roughness: n=0.06 (a), intermediate roughness: n=0.04 (b), and low 
ment.

5.3.2 Comparison to Parker et al. (2007) predictions 
,QRUGHUWRH[SORUHZKHUHWKHULYHUEHVWILWVWKHWKUHVKROGFKDQQHOFDVH,FRPSDUH
FKDQQHOJHRPHWU\PHDVXUHPHQWVWRWKHWKUHVKROGFKDQQHOK\GUDXOLFJHRPHWU\HTXDWLRQV
RI3DUNHUHWDO3DUNHUHWDOXVHGLUHFWPHDVXUHPHQWVRIQDQGD50 WR
SUHGLFWVORSHKLJKIORZFKDQQHOGHSWKhpred hf(TXDWLRQDQGKLJKIORZFKDQQHOZLGWK
wpred hf(TXDWLRQIRUDOOXYLDOVLQJOHWKUHDGJUDYHOEHGULYHUVZLWKGHILQHGEDQNVDQG
IORRGSODLQV,XVHWKH³KLJKIORZ´GHVLJQDWLRQUDWKHUWKDQWKH³EDQNIXOO´RI3DUNHUHWDO
EHFDXVHLWGRHVQRWUHTXLUHDVLPSOHDOOXYLDOFKDQQHODQGIORRGSODLQ
PRUSKRORJ\7KHLUVWXG\IRXQGDKLJKGHJUHHRIXQLYHUVDOLW\EHWZHHQLWVEDVHOLQHGDWDVHWV
LQFOXGLQJULYHUVLQ&DQDGD%ULWDLQDQG86$DQGH[SRQHQWVVLPLODUWRSUHYLRXVVWXGLHV
0LOODU,GRQRWKDYHILHOGPHDVXUHPHQWVRIVORSHSVR,IRFXVRQh DQGw
SUHGLFWLRQV7KH3DUNHUHWDOUHODWLRQV(TXDWLRQVUHTXLUHPHDVXUHPHQWVRI
QUDWKHUWKDQWKHQADSSUR[LPDWLRQ(TXDWLRQLQDGGLWLRQWRJUDLQVL]HLQRUGHUWR
PDNHSUHGLFWLRQVWKXVWKLVDSSURDFKLVXVHIXOVWULFWO\IRUFRPSDULVRQ
݄௣௥௘ௗ ௛௙ = ଴.଴଼ଶ௚భ/ఱ ܳ௛௙
ଶ/ହ  (TXDWLRQ
ݓ௣௥௘ௗ ௛௙ = ସ.଺ଷ௚భ/ఱ ܳ௛௙଴.ସ  ൬
ொ೓೑
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଴.଴଺଺଻
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(TXDWLRQ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)RUWKH:%35GDWDVHWRISUHGLFWHGKLJKIORZFKDQQHOGHSWKVhpred hfIDOO
ZLWKLQDIDFWRURI[RIWKHILHOGPHDVXUHGGHSWKVhhf , )LJXUH7KHUHODWLRQVKLS
EHWZHHQSUHGLFWHGDQGREVHUYHGGHSWKYDOXHVDUHKHDYLO\LQIOXHQFHGE\GUDLQDJHDUHD
EHFDXVHQLVDSSUR[LPDWHGXVLQJA(TXDWLRQ7KLVLQIOXHQFHLVPDQLIHVWHGDVD

VWUDWLILFDWLRQRIGDWDSRLQWVDFFRUGLQJWRVHJPHQW7KHPDMRULW\RIWKHhpred hfPLVILWVDUH
RYHUSUHGLFWLRQVLQWKH:%6/VHJPHQW)LJXUH
,QWKHLUSDSHU3DUNHUHWDOXVHDIDFWRURI[UDWLRWRFRPSDUHWKHLUFDOFXODWLRQV
WRREVHUYHGYDOXHV+RZHYHU,XVHDIDFWRURI[UDWLRZKHQFRPSDULQJZLGWKV
)LJXUHVRUVKHDUVWUHVVFDOFXODWHGXVLQJZLGWKPHDVXUHPHQWV)LJXUH
(TXDWLRQVDQG,QRUGHUWRPDLQWDLQFRQVLVWHQF\ZLWKWKHLQLWLDODQDO\VLVDQGIDFLOLWDWH
FRPSDULVRQZLWK3DUNHUHWDO,SUHVHQWUHVXOWVIRUERWKUDWLRV7DEOHRI
WKH3DUNHUHWDOZLGWKSUHGLFWLRQVwpred hfIDOOZLWKLQDIDFWRURI[RIwhf
PHDVXUHPHQWV)LJXUH7DEOH$VIRUWKHUHODWLRQVKLSEHWZHHQwpred hfDQGwlidar
RIwpred hfIDOOZLWKLQDIDFWRURI[RIwlidarDQGPRVWRIWKHPLVILWVRFFXULQWKH
ILQHJUDLQHGDQGYDULDEOH:%6/FKDQQHOVHJPHQW)LJXUHVDKDQG7DEOH
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'66/     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&RPELQHG     
7DEOH5HODWLRQVKLSEHWZHHQwpred hfDQGwlidar IRUWKH:%35
6LPLODUWRWKHUHVXOWVRIWKHLQLWLDOJUDLQVL]HSUHGLFWLRQPRGHO)LJXUHVFDQG
7DEOH(TXDWLRQWKH3DUNHUHWDOSUHGLFWLRQVIRUWKH:%6/DUHOHVV
VXFFHVVIXOWKDQWKHRWKHUVHJPHQWVLQGLFDWLQJWKDWWKLVVHJPHQWPD\QRWEHFRPSOHWHO\
VLQJOHWKUHDGHGDQGJUDYHOEHGGHG7DEOH6XUSULVLQJO\WKHPRUHVXSSO\OLPLWHG

VHJPHQWV'6%3'66/KDYHEHWWHUUHVXOWVDQGEHKDYHOLNHWKUHVKROGFKDQQHOVRI3DUNHU
HWDOLQGLFDWLQJWKDWWKHFKDQQHOKDVDGMXVWHGLWVZLGWKDQGGHSWKWRDFFRPPRGDWH
SQDQGVHGLPHQWORDG
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Figure 45.
(hpred hf; Equation 9 m hf) for the WBPR. Each 
color indicates a surveyed channel segment of the WBPR.
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Figure 46. pred hf; 
m hf) for the WBPR. Each color 
ment of the WBPR.
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Figure 47.
(2007) (wpred hf; Equation 10) to lidar widths (wlidar) for the WBPR. Each color 
ment of the WBPR.
'6%3
86*+
*+:%
:%6/
'66/


ZOLGDUP
Z S
UH
GK
IP

ZSUHGKIZLWKLQ[RIZOLGDU
ZLWKLQ[
+2x
-2x
+1.5x
-1.5x

,PSOLFDWLRQVIRUUHVWRUDWLRQ
 7KHPRGHOSURYLGHVDUHDVRQDEO\DFFXUDWHRISUHGLFWHGYDOXHVZLWKLQ[RI
ILHOGPHDVXUHGYDOXHVSLFWXUHRIEHGJUDLQVL]HIRUWKH:%35EXWWKHWHQGHQF\RIWKH
PRGHOWRRYHUSUHGLFWEHGJUDLQVL]HZKHQWKHILHOGJUDLQVL]HLVOHVVWKDQDSSUR[LPDWHO\
PPPD\UHVXOWLQDQHVWLPDWLRQRIPRUHVSDZQLQJKDELWDWPPWKDQDFWXDOO\
H[LVWVLQWKHULYHU)LJXUHVF7KHVHUHVXOWVDUHVLPLODUWRD50SUHGLFWLRQVIURP
FRDVWDOORZJUDGLHQWSDUDJODFLDOULYHUV)LJXUH:LONLQVDQG6Q\GHULQGLFDWLQJ
WKDWWKLVSUHGLFWLRQDSSURDFKLVDSSOLFDEOHDWDZDWHUVKHGVFDOHLQDUDQJHRISDUDJODFLDO
HQYLURQPHQWV+RZHYHUERWKWKLVVWXG\DQG:LONLQVDQG6Q\GHUILQGORFDOL]HG
SODFHVZKHUHWKHPRGHOIDLOVWKH:%6/VHJPHQWRQWKH:%35DQGXSVWUHDPRIWKH
IRUPHU+HPORFN'DPVLWHRQWKH1DUUDJXDJXV,QWKHVHDUHDVLWLVGLIILFXOWWRGHWHUPLQHLI
WKHPRGHOLVIDLOLQJIRUHQYLURQPHQWDOUHDVRQVHJFKDQJHVLQVHGLPHQWVXSSO\GXHWR
ODQGXVHRURWKHULQIOXHQFHVRUFKDQJHVLQFKDQQHOW\SHHJJUDYHOEHGVLQJOHWKUHDGWR
VDQGEHGPXOWLWKUHDG
 &KDQQHOVHJPHQWVZKHUHWKHJUDLQVL]HSUHGLFWLRQVZRUNUHODWLYHO\SRRUO\PD\EH
XVHIXOLQLGHQWLI\LQJDQGSULRULWL]LQJUHVWRUDWLRQSURMHFWV$VZLWKRWKHUD50SUHGLFWLRQ
PRGHOV%XIILQJWRQHWDO3DUNHUHWDOPRGHODFFXUDF\LVEHVWLQVLQJOH
WKUHDGDOOXYLDOJUDYHOEHGWKUHVKROGFKDQQHOVHJPHQWVZLWKORZVHGLPHQWVXSSO\
'6%3DQG'66/)LJXUHV7DEOH0RGHOPLVILWVPD\SRLQWWRWKHLQIOXHQFHRI
YDULDWLRQVLQORFDOVHGLPHQWVXSSO\GXHWRODQGXVHKLVWRU\7KHFXWZRRGEXULHGLQWKH
EDQNDWUNPLVDOLNHO\H[DPSOHRIDQWKURSRJHQLFLQIOXHQFHRQVHGLPHQWVXSSO\WR
WKHFKDQQHO,QFUHDVHGHURVLRQDQGLQSXWRIILQHJUDLQHGVHGLPHQWPD\EHOLQNHGWRWKH

UHPRYDORIVRLOVWDELOL]LQJWUHHVDVD50LVRYHUSUHGLFWHGDWWKLVORFDWLRQ)LJXUH
:LONLQVDQG6Q\GHUDOVRVSHFXODWHGWKDWD50 RYHUSUHGLFWLRQVRFFXUZKHUHILQH
OHJDF\VHGLPHQWVWKDWKDYHQRW\HWEHHQUHPRELOL]HGDUHSUHVHQW/RFDWLRQVVXFKDVWKHVH
PD\EHLQGLFDWRUVRISODFHVZKHUHSRWHQWLDOUHVWRUDWLRQDFWLYLWLHVVKRXOGEHIRFXVHG
 ,QP\DQDO\VLV,UHIHUHQFHDUDQJHRIJUDLQVL]HPPDVVRFLDWHGZLWK
VDOPRQVSDZQLQJDQGUHDULQJKDELWDWVXLWDELOLW\EXWQRRQHKDVPDSSHGVDOPRQVSDZQLQJ
KDELWDWRQWKH:%35.RQGROIDQG:ROPDQ%XIILQJWRQHWDO,QFRQWUDVW
WKH%XIILQJWRQHWDODQG:LONLQVDQG6Q\GHUVWXGLHVSURYLGHWHPSODWHVIRU
VDOPRQKDELWDWPDSSLQJXVLQJD50SUHGLFWLRQVDQG:LONLQVDQG6Q\GHUPDSSHG
SRWHQWLDOVDOPRQVSDZQLQJKDELWDWRQWKH1DUUDJXDJXV5LYHU7KH:%35UHPDLQV
LQDFFHVVLEOHWRPRVWDQDGURPRXVVSHFLHVEXWWKHFRPSOHWLRQRIWKH3HQREVFRW5LYHU
5HVWRUDWLRQ3URMHFWVKRXOGHQDEOHLQFUHDVHGDQDGURPRXVVSHFLHVSDVVDJH5HVXOWVRIWKLV
VWXG\ZLOOEHXVHIXOLQIXWXUHGHWDLOHGKDELWDWDVVHVVPHQWERWKRQWKH:%35DQGRQRWKHU
ULYHUV'HVSLWHLWVOLPLWDWLRQVWKLVSUHGLFWLRQPRGHOLVDQHDVLO\DSSOLHGDQGWLPHHIILFLHQW
ILUVWRUGHUWRROIRUSUHGLFWLQJJUDLQVL]HDQGHVWLPDWLQJKDELWDWVXLWDELOLW\
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7KLVVWXG\KDVWKHGXDOSXUSRVHRIH[WHQGLQJWKHDSSOLFDWLRQRIWKH:LONLQVDQG
6Q\GHUJUDLQVL]HSUHGLFWLRQPRGHO(TXDWLRQDQGWHVWLQJLWVSUHGLFWLYHOLPLWVLQ
DQLQODQGKLJKJUDGLHQWSDUDJODFLDOV\VWHP5HVXOWVRIWKLVVWXG\VKRZWKDWWKHPRGHO
ZRUNVUHDVRQDEO\ZHOOIRUSUHGLFWLQJEHGJUDLQVL]HDWDZDWHUVKHGVFDOHLQDQLQODQG
KLJKJUDGLHQWSDUDJODFLDOULYHUV\VWHPZLWKRISUHGLFWHGYDOXHVRIEHGJUDLQVL]H
D50 predZLWKLQ[RIILHOGPHDVXUHGYDOXHVD50 field)LJXUHVF7KHPRGHO
SHUIRUPVEHVWLQVXSSO\OLPLWHGVLQJOHWKUHDGFKDQQHOVHJPHQWVZLWKJUDYHOFREEOHODJ
GHSRVLWEHGVDQGZRUVWLQWUDQVSRUWOLPLWHGGHSRVLWLRQDOVHJPHQWVZLWKUHODWLYHO\ILQH
VXEVWUDWHDQGJUHDWHUFKDQQHOYDULDELOLW\&KDQQHOVHJPHQWVWKDWDUHWUDQVLWLRQDOEHWZHHQ
WKHVHWZRFDVHVLQWHUPHGLDWHFKDQQHOFRPSOH[LW\DQGJUDLQVL]HGLVWULEXWLRQDUH
DVVRFLDWHGZLWKLQWHUPHGLDWHJUDLQVL]HSUHGLFWLRQDFFXUDF\
7KHJHRPRUSKLFSDUDPHWHUVDGGUHVVHGLQWKLVVWXG\UHYHDOWKHFRPSOH[LW\DQG
YDULDELOLW\RIWKHSDUDJODFLDO:%357KHVXUYH\HGFKDQQHOFRYHUVGLYHUVHUHDFKVFDOH
PRUSKRORJLHVLQFOXGLQJWKHVKDOORZFRDUVHJUDYHOEHGGHGXSVWUHDPUHDFKHVWKHGHHSHU
VDQGEHGGHGVHFWLRQDERYH6LOYHU/DNHDQGWKHEHGURFNDQGERXOGHUGRPLQDWHGVHJPHQW
GRZQVWUHDPRI6LOYHU/DNH
&RPSDULVRQEHWZHHQWKHLQODQGUHODWLYHO\KLJKUHOLHIV\VWHPRIWKH:%35DQG
WKHFRDVWDOORZUHOLHI6KHHSVFRWDQG1DUUDJXDJXVULYHUVSURYLGHVDPHDQVWRH[SORUHKRZ
ULYHUVLQWHUDFWZLWKYDU\LQJSDUDJODFLDOODQGVFDSHV,QSDUWLFXODUWKHUHODWLYHGLYHUVLW\RI
FKDQQHOJUDGLHQWRQWKH:%35UHODWLYHWRWKHRWKHUWZRULYHUVKLJKOLJKWVWKHOLPLWDWLRQV

RIWKHPRGHODQGLOOXVWUDWHVWKHLQIOXHQFHRIEDVHOHYHOFRQWUROVDQGYDULDWLRQVLQVHGLPHQW
VXSSO\RQSUHGLFWLRQDFFXUDF\
4XHVWLRQVRIKDELWDWVXLWDELOLW\DVUHODWHGWREHGORDGHQWUDLQPHQWDQGFKDQQHO
PRUSKRORJ\DUHLQWULQVLFDOO\FRQQHFWHGWRWKHRYHUDOOJHRPRUSKLFFKDUDFWHURIWKHULYHU
DQGWKHLQWHUDFWLRQVEHWZHHQULYHUPRUSKRORJ\DQGHFRORJLFSURFHVVHV7KLVVWXG\
SURYLGHVWKHJHRPRUSKLFFKDUDFWHUL]DWLRQWKDWZLOODOORZIRUPRUHGHWDLOHGKDELWDW
GHWHUPLQDWLRQRQWKH:%35ZKLOHDOVRSURYLGLQJDJUDLQVL]HSUHGLFWLRQPRGHOWKDWLV
DSSOLFDEOHWRRWKHUULYHUV7KHUHVXOWVDUHRIZLGHDSSOLFDWLRQWRDQ\UHVHDUFKRU
UHVWRUDWLRQSURMHFWFRQFHUQHGZLWKVHGLPHQWPRELOL]DWLRQDQGRYHUDOOFKDQQHO
PRUSKRORJLFDOFRQWUROVDVVWUHDPUHVWRUDWLRQSURMHFWVDUHIUHTXHQWO\XQGHUWDNHQZLWKRXW
DFRPSUHKHQVLYHXQGHUVWDQGLQJRIWKHVHIDFWRUV7KLVVWXG\SURYLGHVDYDOXDEOHUHIHUHQFH
IRUIXWXUHUHVHDUFKDQGUHVWRUDWLRQUHJDUGLQJEHGORDGPRELOL]DWLRQFKDQQHOPRUSKRORJ\
DQGIOXYLDOHFRORJ\LQDQLPSRVHGIRUPGHJODFLDWHGZDWHUVKHGDVZHOODVDUHIHUHQFHIRU
WKHDSSOLFDWLRQRIKLJKUHVROXWLRQ*,6DQDO\VLVWRIOXYLDOJHRPRUSKRORJLFTXHVWLRQV

















5()(5(1&(6


$QGUHZV('(QWUDLQPHQWRIJUDYHOIURPQDWXUDOO\VRUWHGULYHUEHGPDWHULDO
Geol. Soc. Am. Bull.

$UWHU%1DUUDJXDJXV5LYHUZDWHUVKHGQRQSRLQWVRXUFHSROOXWLRQPDQDJHPHQW
SODQ1DUUDJXDJXV5LYHU:DWHUVKHG&RXQFLO&KHUU\¿HOG0(
%DQJRUDQG$URRVWRRN5DLOURDG&RPSDQ\)UHG+&OLIIRUGIn the Maine Woods
3DVVHQJHU'HSW%DQJRUDQG$URRVWRRN5DLOURDG&R
%DQJRUDQG$URRVWRRN5DLOURDG&RPSDQ\In the Maine Woods3DVVHQJHU'HSW%DQJRU
DQG$URRVWRRN5DLOURDG&R
%DQJRUDQG$URRVWRRN5DLOURDG&RPSDQ\In the Maine Woods3DVVHQJHU'HSW%DQJRU
DQG$URRVWRRN5DLOURDG&R
%DUQHV++-U5RXJKQHVV&KDUDFWHULVWLFVRI1DWXUDO&KDQQHOV86*HRORJLFDO
6XUYH\ZDWHUVXSSO\SDSHU8QLWHG6WDWHV*RYHUQPHQW3ULQWLQJ2IILFH
:DVKLQJWRQ'&S
%DUQKDUGW:DOWHU$:5*HKUHOV%HONQDS').HOOH\-7*HRORJ\/DWH
4XDWHUQDU\UHODWLYHVHDOHYHOFKDQJHLQWKHZHVWHUQ*XOIRI0DLQH(YLGHQFHIRUD
PLJUDWLQJJODFLDOIRUHEXOJHGeology±

%HONQDS')$QGHUVHQ%*$QGHUVRQ56$QGHUVRQ:$%RUQV+:-U
-DFREVRQ*/.HOOH\-76KLSS5&6PLWK'&6WXNHQUDWK5-U
7KRPSVRQ:%7\OHU'$Late quaternary sea level changes in Maine. 
Special publication: The Society of Economic Paleontologists and Mineralogists


%XIILQJWRQ-00RQWJRPHU\'5$V\VWHPDWLFDQDO\VLVRIHLJKWGHFDGHVRI
LQFLSLHQWPRWLRQVWXGLHVZLWKVSHFLDOUHIHUHQFHWRJUDYHOEHGGHGULYHUVWater 
Resources Research

%XIILQJWRQ-00RQWJRPHU\'5DQG*UHHQEHUJ+0%DVLQVFDOHDYDLODELOLW\
RIVDOPRQLGVSDZQLQJJUDYHODVLQIOXHQFHGE\FKDQQHOW\SHDQGK\GUDXOLF
URXJKQHVVLQPRXQWDLQFDWFKPHQWVCan. J. Fish. Aquat. Sci.

&DUERQQHDX3(/DQH61%HUJHURQ1&DWFKPHQWVFDOHPDSSLQJRIVXUIDFH
JUDLQVL]HLQJUDYHOEHGULYHUVXVLQJDLUERUQHGLJLWDOLPDJHU\Water Resources 
ResearchGRL:5


&DUERQQHDX3(%HUJHURQ1/DQH61$XWRPDWHGJUDLQVL]HPHDVXUHPHQWV
IURPDLUERUQHUHPRWHVHQVLQJIRUORQJSURILOHPHDVXUHPHQWVRIIOXYLDOJUDLQVL]HV
Water Resources ResearchGRL:5

&DVWHOH050RGHOLQJVHGLPHQWWUDQVSRUWDQGTXDQWLI\LQJFKDQQHOPRUSKRORJ\RI
WKH6KHHSVFRW5LYHUFRDVWDO0DLQHBoston College Dissertations and 
Theses.3DSHU$$,KWWSHVFKRODUVKLSEFHGXGLVVHUWDWLRQV$$,
 
&RORXPEH3RQWEULDQG0DQG/D3RLQWH0*HRPRUSKLFFRQWUROVULIIOHVXEVWUDWH
TXDOLW\DQGVSDZQLQJVLWHVHOHFWLRQLQWZRVHPLDOOXYLDOVDOPRQULYHUVLQWKH
*DVSp3HQLQVXOD&DQDGD River Res. Applic 

'DYH\&/DSRLQWH06HGLPHQWDU\OLQNVDQGWKHVSDWLDORUJDQL]DWLRQRI$WODQWLF
VDOPRQ6DOPRVDODUVSDZQLQJKDELWDWLQD&DQDGLDQ6KLHOGULYHU
Geomorphology,±

'RQDOGVRQ(76NODU/60DUVKDOO-$/LJRQ).'LHWULFK:(
7RSRJUDSKLFDQGOLWKRORJLFFRQWUROVRQRFFXUUHQFHRIFREEOHERXOGHUFKDQQHO
EHGVLPSOLFDWLRQVIRUVDOPRQLGRYHUZLQWHULQJKDELWDWAmerican Geophysical 
Union, Fall Meeting 2009DEVWUDFW(3$
KWWSDGVDEVKDUYDUGHGXDEV$*8)0(3$'

'RQDOGVRQ(76NODU/6$QHPSLULFDOPRGHOWRSUHGLFWWKHRFFXUUHQFHRI
FREEOHERXOGHUFKDQQHOEHGVAmerican Geophysical Union, Fall Meeting 2010
DEVWUDFW(3%KWWSDGVDEVKDUYDUGHGXDEV$*8)0(3%'

'XQQH7DQG/HRSROG/%Water in Environmental Planning:+)UHHPDQ
DQG&R1HZ<RUNS

(DVWPDQ-:'DYLG3LQJUHH
V,URQ:RUNV(VVH[,QVWLWXWH+LVWRULFDO&ROOHFWLRQV
6DOHP0DVVDFKXVHWWV

)DUUDU&KDUOHV$OGHQ-RKQIllustratedguide book to Moosehead Lake and vicinity/HH
DQG6KHSDUGS

)D\&%DUWURQ0&UDLJ6+HFKW$3UXGHQ-6DXQGHUV56KHHKDQ77ULDO-
6WDWXV5HYLHZIRU$QDGURPRXV$WODQWLF6DOPRQSalmo salarLQWKH
8QLWHG6WDWHVReport to the National Marine Fisheries Service and U.S. Fish and 
Wildlife Service

)RQVWDG0$0DUFXV:$5HPRWHVHQVLQJRIVWUHDPGHSWKVZLWKK\GUDXOLFDOO\
DVVLVWHGEDWK\PHWU\+$%PRGHOVGeomorphology



+D]OLQVN\(-6Q\GHU13'RFXPHQWLQJWKFHQWXU\FKDQJHVLQULYHU
PRUSKRORJ\XVLQJDHULDOSKRWRJUDSKVDQGILHOGVXUYH\V1DUUDJXDJXVDQG
6KHHSVFRWULYHUV0DLQHAbstracts with Programs-Geological Society of 
America

+HGJHU5''RGVRQ--%RXUTXH-)%HUJHURQ1(&DUERQQHDX3(
,PSURYLQJPRGHOVRIMXYHQLOH$WODQWLFVDOPRQKDELWDWXVHWKURXJKKLJKUHVROXWLRQ
UHPRWHVHQVLQJEcological Modelling
+XEEDUG/XFLXV/HHHubbard’s Guide to Moosehead Lake and northern Maine%RVWRQ
$:LOOLDPVDQG&RS 
,UODQG/&0DLQH¶VIRUHVWDUHD5HYLHZRIDYDLODEOHHVWLPDWH&ROOHJH
RI1DWXUDO6FLHQFHV)RUHVWU\DQG$JULFXOWXUH8QLYHUVLW\RI0DLQHMaine 
Agricultural and Forest Experiment Station Miscellaneous PublicationS

-RKQVWRQ5$7KH*HRORJ\RI*XOI+DJDV%RZGRLQ&ROOHJH*UDQW(DVW0DLQH
KWWSZZZPDLQHJRYGRFQULPFPJVVLWHKWP$FFHVVHG1RYHPEHU
.LP0DQG/D3RLQWH05HJLRQDOYDULDELOLW\LQ$WODQWLFVDOPRQSalmo salar
ULYHUVFDSHVDVLPSOHODQGVFDSHHFRORJ\PRGHOH[SODLQLQJWKHODUJHYDULDELOLW\LQ
VL]HRIVDOPRQUXQVDFURVV*DVSpZDWHUVKHGV&DQDGD. Ecology of Freshwater 
Fish±

.RQGROI*0/LVOH7(DQG:ROPDQ0*%HGVHGLPHQWPHDVXUHPHQW,Q
.RQGROI*03LpJD\+Tools in Fluvial Geomorphology-RKQ:LOH\DQG6RQV
&KLFKHVWHU

.RQGROI*0DQG:ROPDQ0*7KHVL]HVRIVDOPRQLGVSDZQLQJJUDYHOV
Water Resources Research

.QLJKWRQ$'Fluvial Forms and Processes: A New Perspective$UQROG
/RQGRQS

/HRSROG/%DQG:ROPDQ0*0LOOHU-3Fluvial Processes in 
Geomorphology:+)UHHPDQDQG&RPSDQ\6DQ)UDQFLVFRS

/HRSROG/%$YLHZRIWKHULYHU+DUYDUG8QLYHUVLW\3UHVV&DPEULGJH

/HJOHLWHU&-5REHUWV'$0DUFXV:$)RQVWDG0$3DVVLYHRSWLFDOUHPRWH
VHQVLQJRIULYHUFKDQQHOPRUSKRORJ\DQGLQVWUHDPKDELWDW3K\VLFDOEDVLVDQG
IHDVLELOLW\Remote Sensing of Environment


/LVOHV*:LOG$WODQWLFVDOPRQLQ0DLQHSURWHFWHGDVHQGDQJHUHGVSHFLHV12$$
1DWLRQDO)LVKDQG:LOGOLIH6HUYLFH
KWWSZZZSXEOLFDIIDLUVQRDDJRYUHOHDVHVQRYQRDDQIZVKWPO

/LVOH7(1HOVRQ-03LWOLFN-0DGHM0$DQG%DUNHWW%/9DULDELOLW\RI
EHGPRELOLW\LQQDWXUDOJUDYHOEHGFKDQQHOVDQGDGMXVWPHQWVWRVHGLPHQWORDGDW
ORFDODQGUHDFKVFDOHVWater Resour. ResGRL:5

0DJLOOLJDQ)-1LVORZ.+)LVKHU*%:ULJKW-0DFNH\*DQG/DVHU0
7KHJHRPRUSKLFIXQFWLRQDQGFKDUDFWHULVWLFVRIODUJHZRRG\GHEULVLQORZ
JUDGLHQWULYHUVFRDVWDO0DLQH86$Geomorphology
0DLQH*HRORJLFDO6XUYH\7KH,URQ$JHRI0DLQH±V±.DWDKGLQ,URQ:RUNV
6WDWHRI0DLQH'HSDUWPHQWRI&RQVHUYDWLRQ
KWWSZZZPDLQHJRYHGRFQULPFPJVH[SORUHPLQLQJVLWHVVHSWKWP
$FFHVVHG)HE

0DLQH+LVWRULFDO6RFLHW\,PDJHQXPEHUV
KWWSZZZPDLQHPHPRU\QHWLWHP$FFHVVHG)HE

0DVVDFKXVHWWV'LYLVLRQRI)LVKHULHVDQG:LOGOLIH0'):/LIHF\FOHRIWKH
$WODQWLFVDOPRQ0DVVDFKXVHWWV'HSDUWPHQWRI)LVKDQG*DPH
KWWSZZZPDVVJRYGIZHOHGIZILVKHULHVDQDGURPRXVVDOPRQBOLIHBF\FOHKWP
$FFHVVHG0DUFK

0LOODU5*7KHRUHWLFDOUHJLPHHTXDWLRQVIRUPRELOHJUDYHOEHGULYHUVZLWKVWDEOH
EDQNVGeomorphology±

0RQWJRPHU\'5%XIILQJWRQ-0&KDQQHOUHDFKPRUSKRORJ\LQPRXQWDLQ
GUDLQDJHEDVLQVGSA BulletinQR

0RQWJRPHU\'5%XIILQJWRQ-0&KDQQHOSURFHVVHVFODVVLILFDWLRQDQG
UHVSRQVHin1DLPDQ5DQG%LOE\5HGV5LYHU(FRORJ\DQG0DQDJHPHQW
/HVVRQVIURPWKH3DFLILF&RDVWDO(FRUHJLRQ1HZ<RUN6SULQJHU9HUODJS


0RQWJRPHU\'5%HDPHU(03HVV*54XLQQ73&KDQQHOW\SHDQG
VDOPRQLGVSDZQLQJGLVWULEXWLRQDQGDEXQGDQFHCan. J. Fish. Aquat. Sci.

0RQWJRPHU\'5.LQJRI)LVK7KH7KRXVDQG\HDU5XQRI6DOPRQ:HVWYLHZ
3UHVV%RXOGHU&2S


0RQWJRPHU\'5*HRORJ\*HRPRUSKRORJ\DQGWKHUHVWRUDWLRQHFRORJ\RI
VDOPRQGSA Today,

0RXQW-&DOLIRUQLD5LYHUVDQG6WUHDPV7KHFRQIOLFWEHWZHHQIOXYLDOSURFHVVDQG
ODQGXVH8QLYHUVLW\RI&DOLIRUQLD3UHVVS

1DWLRQDO5HVHDUFK&RXQFLO&RPPLWWHHRQ$WODQWLF6DOPRQLQ0DLQHAtlantic 
salmon in MaineS1DWLRQDO$FDGHPLF3UHVV3')
KWWSZZZQDSHGXFDWDORJKWPO

12$$12$$)LVKHULHV6HUYLFH$WODQWLF6DOPRQUHFRYHU\SURJUDP
KWWSZZZQHURQRDDJRYSURWBUHVDOWVDOPRQ$FFHVVHG0DUFK

1HHVRQ70.RRQFH-):KLWLQJ3-3UHGLFWLQJVHDODPSUH\3HWURP\]RQ
PDULQXVDPPRFRHWHKDELWDWXVLQJ*HRJUDSKLF,QIRUPDWLRQ6\VWHPVJ. Great 
Lakes Res.,±

3DUNHU*+\GUDXOLFJHRPHWU\RIDFWLYHJUDYHOULYHUVJ. Hydraul. Div. Am. Soc. 
Civ. Eng+<

3DUNHU*35:LOFRFN&3DROD:('LHWULFKDQG-3LWOLFN3K\VLFDOEDVLV
IRUTXDVL-XQLYHUVDOUHODWLRQVGHVFULELQJEDQNIXOOK\GUDXOLFJHRPHWU\RI
VLQJOH-WKUHDGJUDYHOEHGULYHUVJ. Geophys. Res.)
GRL-)

3HQREVFRW5LYHU5HVWRUDWLRQ7UXVW35577LPHOLQHKWWSSHQREVFRWULYHURUJ
$FFHVVHG0D\

3HVV*50RQWJRPHU\'56WHHO($%LOE\5()HLVW%(*UHHQEHUJ+0
/DQGVFDSHFKDUDFWHULVWLFVODQGXVHDQGFRKRVDOPRQ2QFRUK\QFKXV
NLVXWFKDEXQGDQFH6QRKRPLVK5LYHU:DVK86$Can. J. Fish. Aquat. Sci.


3LHJD\+7KHYHQHW$.RQGROI*0DQG/DQGRQ13K\VLFDODQGKXPDQ
IDFWRUVLQIOXHQFLQJSRWHQWLDOILVKKDELWDWGLVWULEXWLRQDORQJDPRXQWDLQULYHU
)UDQFHGeogr. Ann±

5LFH63DQG&KXUFK0*UDLQVL]HDORQJWZRJUDYHOEHGULYHUVVWDWLVWLFDO
YDULDWLRQVSDWLDOSDWWHUQDQGVHGLPHQWDU\OLQNVEarth Surf. Process. Landforms, 
±



6FKQLWNHU'%HONQDS')%DFFKXV76)ULH]-./XVDUGL%$3RSHN'0
'HJODFLDWLRQRIWKH*XOIRI0DLQHin :HGGOH7.DQG5HWHOOH0-HGV
'HJODFLDO+LVWRU\DQG5HODWLYH6HD/HYHO&KDQJHV1RUWKHUQ1HZ(QJODQGDQG
$GMDFHQW&DQDGD%RXOGHU&RORUDGR*HRORJLFDO6RFLHW\RI$PHULFD6SHFLDO
3DSHU

6KDQJUDZ6-/LWWOH/\IRUG3RQG&DPSV)URP)URQWLHU/RJJLQJWR%DFNFRXQWU\
%OLVVDWD7UDGLWLRQDO6SRUWLQJ&DPS$SSDODFKLD
KWWSZZZRXWGRRUVRUJSXEOLFDWLRQVDSSDODFKLDOLWWOHO\IRUGSRQG
FDPSVFIP&DFKHGYHUVLRQGDWHG)HE$FFHVVHG)HE

6OD\PDNHU23URJODFLDOSHULJODFLDORUSDUDJODFLDO"Geological Society, London,  
 Special Publications

6Q\GHU13:KLSSOH.;7XFNHU*(0HUULWWV'-/DQGVFDSHUHVSRQVHWR
WHFWRQLFIRUFLQJ'LJLWDOHOHYDWLRQPRGHODQDO\VLVRIVWUHDPSURILOHVLQWKH
0HQGRFLQRWULSOHMXQFWLRQUHJLRQQRUWKHUQ&DOLIRUQLDGSA Bulletin±

 
6Q\GHU13:KLSSOH.;7XFNHU*(0HUULWWV'-&KDQQHOUHVSRQVHWR
WHFWRQLFIRUFLQJILHOGDQDO\VLVRIVWUHDPPRUSKRORJ\LQWKH0HQGRFLQRWULSOH
MXQFWLRQUHJLRQQRUWKHUQ&DOLIRUQLDGeomorphologyGRL
6;
 
6Q\GHU13&DVWHOH05:ULJKW-5%HGORDGHQWUDLQPHQWLQORZJUDGLHQW
SDUDJODFLDOFRDVWDOULYHUVRI0DLQH86$,PSOLFDWLRQVIRUKDELWDWUHVWRUDWLRQ
Geomorphology

6Q\GHU136WXG\LQJVWUHDPPRUSKRORJ\ZLWKDLUERUQHODVHUHOHYDWLRQGDWDEos,
 

6WURXVH6&RQWUROVRQOHJDF\VHGLPHQWPRELOLW\LQDSRVWJODFLDWHGORZJUDGLHQW
ULYHUM.S. thesis in prep

7KRPSVRQ:%DQG%RUQV+:-UHGLWRUV6XUILFLDOJHRORJLFPDSRI0DLQH
0DLQH*HRORJLFDO6XUYH\'HSDUWPHQWRI&RQVHUYDWLRQVFDOH

86)LVKDQG:LOGOLIH6HUYLFH86):6*XOIRI0DLQH&RDVWDO3URJUDP*203
$WODQWLF6DOPRQ+DELWDW6XUYH\DVKDE2IILFHRI*HRJUDSKLF,QIRUPDWLRQ
6\VWHPV0(*,6$XJXVWD0(KWWSPHJLVPDLQHJRYFDWDORJ
86*HRORJLFDO6XUYH\86*65HDO7LPH:DWHU'DWDIRU86$
 KWWSZDWHUGDWDXVJVJRY$FFHVVHG'HF

:LONLQV%&*HRPRUSKLFFRPSDULVRQRIWZR$WODQWLFFRDVWDOVWUHDPV-DFTXHW
5LYHU1HZ%UXQVZLFN&DQDGDDQG1DUUDJXDJXV5LYHU0DLQH86$College 
Dissertations and Theses.

:LONLQV%&DQG6Q\GHU13*HRPRUSKLFFRPSDULVRQRIWZR$WODQWLFFRDVWDO
ULYHUV7RZDUGDQXQGHUVWDQGLQJRISK\VLFDOFRQWUROVRQ$WODQWLFVDOPRQKDELWDW
River Research and Applications±GRLUUD

:LOVRQ-61LQHWHHQWKFHQWXU\OXPEHUVXUYH\VIRU%DQJRU0DLQH,PSOLFDWLRQV
IRUSUH(XURSHDQVHWWOHPHQWIRUHVWFKDUDFWHULVWLFVLQQRUWKHUQDQGHDVWHUQ0DLQH
Journal of Forestry

:ROPDQ0*$PHWKRGRIVDPSOLQJFRDUVHULYHUEHGPDWHULDOEos, Transactions, 
American Geophysical Union

:ROPDQ0*DQG0LOOHU-30DJQLWXGHDQGIUHTXHQF\RIIRUFHVLQ
JHRPRUSKLFSURFHVVHVJournal of Geology±


$SSHQGL[














































